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Praise for the Book 


“This volume contains 19 chapters covering the use of a 
multitude of new technological tools available to study elas- 
mobranch fishes. Co-authored by more than 60 active shark 
researchers, Shark Research summarizes the state of the sci- 
ence in shark study. This volume belongs in the library of any- 
one with a serious interest in elasmobranch research.” 


Dr. John A. (Jack) Musick 
Professor Emeritus, Virginia Institute of Marine Science 


“The future of shark research is here. Advanced sampling 
technologies and analytical techniques are already changing 
the landscape of many fields of shark research. From UAVs to 
AVEDs, AUVs to ROVs, BRUVs to MBESs, CT scans to MRIs, 
NIRS to photogrammetry, genomics to eDNA, to name only a 
few of these platforms and techniques, this book offers a com- 
pendium of state-of-the-art technologies and methods that are 
quickly becoming commonplace and will continue to evolve 
and revolutionize how we study these animals. Through its 19 
chapters, the book describes how decreasing costs of electron- 
ics and increased miniaturization, quality, power, and types 
of sensory platforms are leading to accumulation of larger 
datasets, which in tandem with increasing collaborative ini- 
tiatives, computing power, and advances in computer science 
and modeling techniques will result in a new understanding 
of crucial aspects of elasmobranch ecology and behavior. This 
book should be of interest to students, academics, and profes- 
sionals working on this and other groups of marine animals to 
keep abreast of the latest applications of advanced sampling 
technologies and analytical techniques that are being used to 
study elasmobranchs.” 


Dr. Enric Cortés 
Southeast Fisheries Science Center, National Marine Fisheries 
Service, National Oceanic and Atmospheric Administration 


“Tf you are keen to see how new technologies and applications 
are shaping modern shark research, then this is a must-have 
book. I will be recommending this book to anyone interested 
in marine science. Its impressive coverage of topics from 
environmental DNA to social science applications provides 
the reader with a more holistic view of shark research.” 


Dr. Will White 
Senior Curator, CSIRO Australian National Fish Collection 


“The editors are to be congratulated for publishing a synop- 
tic book that highlights the use of rapidly developing, novel, 
technological methods to study the ecology of sharks and 
rays. These editors are excellent chondrichthyan biologists 
who have helped pioneer some of these new techniques. Its 


19 chapters are organized into four basic sections: (1) tro- 
phic ecology, (2) habitat utilization and behavioral ecology, 
(3) life history studies and population ecology, and (4) citizen 
and social science. With this advanced tool kit now available 
under one cover, it will enable advanced studies that were 
heretofore impossible but nonetheless important. This book 
captures the revolutionary growth in technology of such pro- 
cesses as tracking and monitoring movements and activities, 
imaging structures and organisms, sensing ecophysiological 
parameters, and using biochemical, genetic, and other meth- 
ods to help researchers more rapidly advance knowledge of 
sharks and rays. This will break barriers that have heretofore 
hindered scientific progress toward understanding the ecol- 
ogy and conservation of chondrichthyan fishes, and other 
organisms as well.” 


Dr. Gregor M. Cailliet 
Professor Emeritus, Moss Landing Marine Laboratories; 
Program Director Emeritus, Pacific Shark Research Laboratory 


“Innovative technologies are rapidly advancing the field of 
shark research. This must-have book features leading inno- 
vators in the field who have contributed informative chap- 
ters summarizing the current state of research in a variety of 
fields. Whether you’re a student aspiring to study sharks, a 
professional, or just keenly interested in the current state of 
shark research, this is the book for you.” 


Dr. David A. Ebert 
Director, Pacific Shark Research Center, 
Moss Landing Marine Laboratories 


“Besides bringing exciting and important new research find- 
ings, tools, and techniques to the table, Dr. Jeff Carrier’s most 
recent contribution, Shark Research: Emerging Technologies 
and Applications for the Field and Laboratory, also provides 
a keen roadmap for the future of shark science.” 


Dr. Toby S. Daly-Engel 
Assistant Professor, Department of Ocean Engineering and 
Marine Sciences, Florida Institute of Technology 


“This timely volume provides an outstanding overview of 
how technological advances enable researchers to address for- 
merly intractable questions. As we look back at this volume 
in a decade or two, the featured technology that is currently 
avant-garde will be de rigueur, but these early adopters will 
be recognized for applying this technology to the develop- 
ment of entirely new methods of inquiry.” 


Dr. Stephen M Kajiura 
Professor of Biological Sciences, Florida Atlantic University 
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The remarkable pace of advancements in technology, 
particularly in the last two decades, has contributed to 
the development of a toolbox that greatly enhances the 
range of investigations into the biology and life history of 
elasmobranchs. In our preface to The Biology of Sharks and 
Their Relatives in 2004, Jack Musick, Mike Heithaus, and 
I hinted at the potential impact of these advances when we 
noted that 


. virtually every area of research associated with these 
animals has been strongly impacted by the revolutionary 
growth in technology, and the questions we can now ask 
are very different than those reported in [Perry] Gilbert’s 
work not so long ago. A careful reading of the chapters we 
have presented in this work will show conclusions based 
on emergent technologies that have revealed some long- 
hidden secrets of these animals. Modern immunological 
and genetic techniques, satellite telemetry and archival tag- 
ging, modern phylogenetic analysis, GIS, and bomb dating 
are just a few of the techniques and procedures that have 
become a part of our investigative lexicon. 


Even then we did not anticipate the magnitude of 
expansion that was to occur in the 15 years since that 
volume was produced and the improvements that would 
occur to existing methods. Now, biologists, field biologists 
and laboratory biologists alike, are faced with a bewildering 
array of techniques and instruments with which to investigate 
almost every aspect of elasmobranch biology. From traditional 
studies of comparative morphology to satellite tracking and 
the almost limitless uses of DNA for examining species 
relatedness and assessing variability within and between 
populations, the questions that can be asked and the data that 
can be obtained for analysis are providing new insights and 
understanding of this ancient line of aquatic vertebrates. 

The dilemma facing investigators, with such an extensive 
array of tools and techniques, is which investigative approach 
is most appropriate for a particular line of inquiry. Knowing 
how to use technology also assumes that the right choices are 
made with regard to selecting instruments and methodologies 
that will provide answers that are relevant to a particular 
line of inquiry. This applies not only to the technology or 
approach that is applied but also to the analytical methods 
with which the collected data are analyzed. Increases in 
computer power and statistical methods have progressed at 
rates similar to those of the technology applied to study these 
animals. One example of this is network analysis (Chapter 
18), which until recently had not been applied to sharks or 
rays but is now a fundamental tool in the analysis of data 
across a number of data collection techniques. 


Preface 


When we began this project, our goal was straightforward: 
We intended to feature chapters presenting the various 
techniques and applications we identified as being among 
the most useful approaches to broadening the ways we 
could better investigate and understand the biology and life 
history attributes of elasmobranch species. Although some 
technologies, such as acoustic tracking, have been present 
for many years, miniaturization, data storage, and battery 
technology, as well as advanced approaches to analysis of 
increasingly large volumes of data, have helped to improve 
upon these tried and tested techniques and long-accepted 
approaches. Outlining these changes was as important as 
introducing newer, more novel investigative approaches. We 
were also fully aware that no single volume could hope to 
present every possible technique, instrument, or technological 
advancement. Perhaps later volumes will expand on our 
initial attempts. 

Each chapter is designed to identify the types of studies 
that are appropriate for the use of the various technologies 
presented within each chapter, the kinds of results that can 
be expected from their use, and what information the studies 
reveal that advances our understanding of elasmobranch 
biology. Most certainly these techniques are equally 
applicable to studies of other marine groups, as well. 

Of equal importance, we also believed that each chapter 
should include a discussion of where such techniques 
are inappropriate, not likely to succeed, or are otherwise 
probably not applicable to the study of elasmobranch 
biology. Choosing an inappropriate study methodology 
simply leads to wasted time and dashed expectations. We 
hoped that our treatments would prevent investigators from 
making such mistakes or having unrealistic expectations. In 
that sense, the chapters serve as a rudimentary “how to,” at 
least with respect to making more informed choices about 
a particular approach to address questions of biological 
interest. We expected that such information would prove 
useful to students just beginning their formal studies of 
elasmobranch biology while also serving as a guide for 
more seasoned scientists seeking to apply new techniques 
to ongoing studies. Our hope is that we have succeeded in 
serving both groups. 

Our authors are a diverse group, all of whom have 
strong records of scholarship and all of whom have served 
as pioneers and leaders in applying these technologies to 
their own investigations. They thus provide a knowledge 
base from practical experience that we expect to serve as a 
valuable resource for our readers. We hope the information 
and “advice” we have assembled will accomplish that goal. 
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the ecological roles and importance of large predators, 
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1.1. INTRODUCTION et al., 2010; Peterson and Fry, 1987). Although shark 


Knowledge of the trophic and spatial ecology of elasmo- 
branchs is widely recognized as a critical component of suc- 
cessful management and conservation programs (Mourier et 
al., 2016; Oh et al., 2017; White et al., 2017). Dietary bio- 
markers have emerged as an effective and affordable tool in 
the field of foraging ecology (Graham et al., 2010; Newsome 


research has been relatively slow to incorporate biomarker 
approaches, recent years have seen a substantial increase in 
the number of elasmobranch biomarker studies (Hussey et 
al., 2012). Examples can be found across the analytical spec- 
trum, including dietary reconstructions (e.g., Stewart et al., 
2017), resource partitioning (e.g., Kinney et al., 2011), and 
movement (e.g., Munroe et al., 2015). Biomarkers are now 
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considered a standard and valuable technique in shark ecol- 
ogy that can provide much-needed answers to significant 
environmental questions. 

Despite the range of dietary biomarkers from which to 
choose (Pethybridge et al., 2018), all analyses are based on 
the same universal premise: biochemically speaking, you are 
what you eat (Fry, 2006; Parrish, 2013). The chemical compo- 
sition of abiotic and biotic resources varies at the bottom of the 
food chain via different biogeochemical processes (Boutton, 
1991; Dalsgaard et al., 2003; Ostrom et al., 1997). Consumers 
assimilate and reflect the chemical composition of their diet 
in relatively predictable and measurable ways (Beckmann et 
al., 2013a; Ramos and Gonzalez-Solis, 2012). As a result, the 
chemical composition of shark tissues can be used to estimate 
their trophic role and dietary preferences (e.g., Barria et al., 
2017; Daly et al., 2013; McMeans et al., 2012). Biomarker val- 
ues vary over space and time; thus, they can also be used to 
measure shark movement between biochemically distinct and 
distant food webs (e.g., Carlisle et al., 2015; Shipley, 2017). 

Biomarker analysis is a particularly appealing approach 
in shark ecology because other methods used to study the 
diet and movement of species can be impractical when 
applied to highly mobile marine predators. For example, 
stomach content analysis can provide a precise assessment 
of shark diet (Bethea et al., 2004; Cortés, 1999), but shark 
studies are regularly plagued by a high number of empty 
stomachs, techniques are labor intensive and highly inva- 
sive, results underestimate easily digestible prey, and suc- 
cessful captures provide only a snapshot of what a shark 
has eaten most recently (Baker et al., 2014; Simpfendorfer 
et al., 2001). Electronic tracking techniques have revo- 
lutionized the field of animal ecology and can provide 
explicit information on shark movement patterns (Heupel 
et al., 2006; Hussey et al., 2015), but these techniques can 
be prohibitively costly and labor and time intensive, and 
they do not provide data on shark resource consumption 
(Hammerschlag et al., 2011; Murphy and Jenkins, 2010). By 
comparison, biomarker analysis provides a long-term, inte- 
grated interpretation of shark diet; therefore, a great deal of 
information can be procured from only a few tissue sam- 
ples. Basic analysis only requires | to 2 grams of tissue, so 
sampling procedures are typically nonlethal and minimally 
invasive. Analysis is also relatively inexpensive, making 
it an affordable option in most situations. As a result, bio- 
marker analysis is an excellent alternative or supplement to 
techniques such as stomach content analysis and electronic 
tracking when working with mobile, rare, or endangered 
species or in remote and isolated areas. 

Unfortunately, misuse of this deceivingly simple tech- 
nique has led to problems with sample processing and data 
interpretation across all fields. Although biomarker dynam- 
ics have been relatively well studied in some taxa, the most 
basic assumptions about biomarker integration in sharks 
have yet to be tested (Hussey et al., 2012; Shipley et al., 
2017). Shark physiology and behavior can also hinder more 


precise trophic analyses, such as population connectivity 
and dietary source determination (Kim and Koch, 2012; 
Kim et al., 2012). Therefore, despite its enormous potential, 
shark ecologists must carefully tailor biomarker research 
according to taxa-specific limitations. 

In this chapter, we introduce the two most commonly 
used dietary biomarkers in shark ecology, stable isotope 
analysis (SIA) and fatty acid analysis (FAA). Of these two, 
SIA currently dominates shark literature. This is in large part 
because SIA techniques and methods have had more time to 
evolve and are currently more refined and better developed. 
For this reason, the majority of this chapter will review SIA 
applications. However, FAA is set to become an indispens- 
able approach in shark research because it can provide far 
more detailed dietary analyses. It is important to consider 
the benefits and limitations of both options before embark- 
ing on any foraging study. In fact, these two techniques are 
increasingly being combined to investigate a wider range of 
ecological questions (e.g., Couturier et al., 2013). We begin 
with a discussion of the basic principles that govern stable 
isotope and fatty acid distribution and integration in marine 
food webs. We also discuss the most commonly used tracers 
and tissues in shark biomarker research and address criti- 
cal aspects of sample collection, preparation, and laboratory 
analysis. Finally, we review the most relevant biomarker 
applications in shark ecology, current limitations in shark 
analysis, and directions for future research. 


1.2 PRINCIPLES OF BIOMARKER ECOLOGY 


1.2.1 Stable Isotope Analysis 

Stable isotope foraging ecology uses isotope variation in the 
environment to define the dietary and movement patterns 
of species. Stable isotopes differ from radioactive isotopes 
(e.g., “C) because they have no half-life and do not decay 
into other elements. As a result, stable isotopes persist in the 
environment and can be tracked as they transition between 
different abiotic and biotic molecules and throughout the 
food web (Fry, 2006). Most stable isotopes have two vari- 
ants: the abundant light isotope and the less common heavier 
isotope. Stable heavy isotopes make up only a small percent- 
age of the total concentration in nature (~ <1%) but are still 
found in high enough quantities that they can be accurately 
measured (De Groot, 2004; McKinney et al., 1950). Stable 
isotope concentrations are reported in delta (6) notation as 
the ratio of heavy to light isotopes (i.e., rare to abundant) 
and are measured as deviations from known and internation- 
ally accepted standards. Because heavy isotopes are quite 
rare, isotope ratios are small, and results are expressed as 
parts per thousand (%o) or per mill using the following cal- 
culation: 6’X = [(Reampte/Rstandara) — 1] X 1000, where X is the 
element, b is the mass of the heavy isotope, and Ryampie and 
Rgandara ae the ratios of heavy to light isotopes (e.g., 8C/?C, 
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'SN/AN, *4S/°?S) in the sample and standard, respectively. 
Decreases in the 6 value signify decreases in the heavy iso- 
tope content of a sample. The two primary dietary isotope 
tracers in foraging ecology are the heavy isotopes of carbon 
(58C) and nitrogen (6°N). 

All isotopes of a given element have nearly identical 
chemical characteristics and are functionally equivalent 
in most reactions (Peterson and Fry, 1987); however, small 
mass-dependent differences in the physical and chemical 
behavior of isotopes cause isotopic separation during bio- 
geochemical processes (Hoefs and Hoefs, 1997; White, 
2013). This phenomenon, where isotopes are unequally 
distributed between different substances or phases, is 
known as isotope fractionation. Isotope fractionation is 
primarily driven by equilibrium and kinetic effects (Criss, 
1999). Equilibrium fractionation is the separation of iso- 
topes between substances or phases that have reached 
chemical equilibrium. Heavier isotopes have lower mobil- 
ity and diffusion velocity and thus tend to concentrate in 
the substance or phase with the greatest bond strengths. 
For example, when water vapor condenses into liquid in a 
closed system, the isotopically heavy water molecules @H 
and !8O) tend to concentrate in the liquid phase, whereas 
the lighter water molecules ('H and !°O) concentrate in the 
vapor phase (Gat, 2000). Kinetic fractionation separates 
isotopes during incomplete, relatively fast, unidirectional 
biogeochemical reactions. Molecules with heavier isotopes 
form stronger chemical bonds than molecules with lighter 
isotopes. As a result, it requires less energy to disassociate 
light isotope molecules and they react more quickly during 
biogeochemical processes. This leads to isotopic separation 
between the product and the reactant. Lighter isotopes are 
used to produce the biologically mediated product, and the 
heavy isotopes remain in the original source or substrate; 
for example, plants preferentially use isotopically light CO, 
(?C) during photosynthesis because it requires less energy 
to disassociate °C bonds than °C bonds in biochemical 
processes (Evans et al., 1986; Smith, 1972). Changes in 
heavy isotope abundance as a result of isotope fractionation 
is generally expressed as a fractionation factor () and is 
calculated as follows: 0 = 8’X,,oauc/8’X substrate: Isotope frac- 
tionation is also commonly quantified as an enrichment or 
discrimination factor: A6X = 8X, .aucr — 8’ X substrates 

Isotopic fractionation is the major process that creates 
variation in stable isotope ratios among different abiotic com- 
partments, primary producers, and consumers. For example, 
6°C fractionation factors in primary producers vary depend- 
ing on their photosynthetic fixation pathways (C,, C,, CAM) 
and local environmental conditions (Farquhar et al., 1989; 
France, 1995; Madhavan et al., 1991). As a result, 6!°C values 
vary substantially at the base of the food chain and can be 
used to identify and distinguish different primary producers 
such as seagrass, mangroves, and plankton (Fry et al., 1977; 
Peterson and Fry, 1987). Another significant type of fraction- 
ation is trophic fractionation or diet—tissue fractionation. 


Animals preferentially eliminate lighter isotopes in waste 
products, and as a result consumer tissues have higher stable 
isotope values than their diet (DeNiro and Epstein, 1978, 
1981). Trophic discrimination factors or diet-tissue-discrim- 
ination factors (DTDFs) are equal to the difference between 
the isotope value of the consumer and its diet: AdXprpp = 
8X consumer — O’X prey: AS a result of these diverse but consistent 
fractionation processes, unique isotope ratios are character- 
istic of specific primary producers, prey species, food webs, 
and foraging locations. 

Elasmobranchs, like all consumers, assimilate and mod- 
ify the isotopic ratios of their diet (Hussey et al., 2011; Logan 
and Lutcavage, 2010). More specifically, the isotope values 
of shark tissues (e.g., muscle, blood, skin) are the weighted 
average of the isotope values of their prey. Therefore, shark 
isotope values can be compared to the isotope values of pri- 
mary producers, food webs, or prey to estimate sources of 
primary production, shark foraging locations, and the types 
of prey they consume. However, due to such factors as tro- 
phic fractionation, shark isotope values will never be iden- 
tical to prey or habitat values, and these changes must be 
taken into account when comparing the isotope values of 
sharks and their dietary resources. 


1.2.2 Fatty Acid Analysis 


Fatty acids (FAs) are a diverse group of macromolecules that 
can be used to differentiate consumer dietary niches and spe- 
cific prey items (Parrish, 2013). They are the primary com- 
ponent of oils and fats (i.e., lipids) in tissues and are grouped 
into several major lipid classes, including triacylglycerols, 
wax esters, phospholipids, and sterols. FAs are critical to bio- 
chemical functions, serving as metabolic fuel sources, struc- 
tural components in cell membranes, and gene regulators 
(Sargent et al., 2002). FAs are classified and named based 
on their chemical structure and are often referred to by these 
“chemical codes” within the literature. They fit within three 
functional groups: (1) saturated fatty acids (SFAs), which lack 
double bonds within the carbon backbone; (2) monounsatu- 
rated fatty acids (MUFAs), which contain one double bond; 
and (3) polyunsaturated fatty acids (PUFAs), which contain 
multiple double bonds. The nomenclature of individual FAs 
outlines the chemical structure, beginning with the number 
of carbons in the chain (usually 14 to 24), followed by the 
number and location of the double bonds. As an example, 
22:63 refers to a fatty acid with a backbone containing 22 
carbons with 6 double bonds, the first of which is 3 carbons 
from the end of the chain. The chemical complexity of these 
molecules can make the nomenclature and literature initially 
intimidating, but using fatty acid analysis (FAA) in forag- 
ing ecology does not necessarily require an advanced under- 
standing of organic biochemical processes. 

Fatty acids can be employed as biochemical markers 
for two reasons: First, like stable isotopes, they chemically 
reflect the base of the food chain (Dalsgaard et al., 2003); 
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however, differentiating FAs is not based on fractionation 
but instead on fatty acid production specific to distinct pri- 
mary and secondary producers (Ackman et al., 1968). For 
example, diatoms produce 20:5@3, macroalgae and sea- 
grass produce 18:33, and dinoflagellates and zooplank- 
ton produce 22:603 (Falk-Petersen et al., 2000; Kelly and 
Scheibling, 2011). Second, because vertebrates are unable to 
create or interconvert most of the FAs that are vital to main- 
taining cellular functions, they must take these directly from 
their food sources with minimal modification (Dalsgaard et 
al., 2003; Iverson, 2009). Therefore, a consumer’s diet can 
be determined based on the similarity between predator 
and prey FA profiles. Because there are many more FAs 
than dietary isotopes (>60), FAA can identify distinct food 
resources and habitats in much finer detail. 

Individual FAs and the subsequent full profiles (the 
relative proportions of all fatty acids in a sample) are also 
tissue and taxa dependent. Certain FA groups are preferen- 
tially integrated into distinct tissues according to their bio- 
chemical functions; for example, chondrichthyan livers have 
higher MUFA concentrations than muscle, which contain 
more PUFAs (Beckmann et al., 2014; McMeans et al., 2012; 
Pethybridge et al., 2011). This is true for both the predator of 
interest and for potential prey items, thus entangling physi- 
ology and diet at each trophic level. Despite this additional 
layer of potential confusion, FA routing means that FAA has 
the capacity to distinguish prey contributions to consumer 
diet by analyzing distinct tissue types. Seal blubber, for 
example, has particularly high levels of 22:5@3, which was 
used to identify ringed seals as a key prey item of Greenland 
sharks, Somniosus microcephalus (McMeans et al., 2012). 

Similar to stable isotopes, which undergo predictable 
fractionation processes, some FAs can also undergo biocon- 
version (Beckmann et al., 2013a; Iverson, 2009; Sargent et 
al., 2002). Thus, predator fatty acids will never precisely mir- 
ror those of their prey (Beckmann et al., 2013b; McMeans et 
al., 2012). Rates of bioconversion between trophic links have 
gone largely unexplored in sharks. Currently, these biocon- 
version processes remain a limitation rather than a tool and 
make both qualitative assessment and quantitative modeling 
efforts challenging. 


1.3. COMMON BIOMARKERS 
IN SHARK ECOLOGY 

1.3.1 Stable Isotopes 
The most commonly used isotope tracers in shark foraging 
ecology are 6°C and 6°N. These tracers are usually ana- 
lyzed together because they provide two complementary 
pieces of dietary information. 5!°N undergoes substantial 
trophic fractionation and increases at each consumer level 
(Deniro and Epstein, 1981; Hussey et al., 2010); therefore, 
it is an extremely useful indicator of shark trophic position 


(TP) and dietary selectivity (Dicken et al., 2017; Ferreira et 
al., 2017). 6°N can also vary between abiotic sources and 
foraging locations at the base of the food web (Wada and 
Hattori, 1976); for example, wastewater treatment inputs 
can be significant sources of elevated nitrogen and 6N in 
coastal habitats and species (Costanzo et al., 2001; Savage, 
2005; Schlacher et al., 2005). Consequently, 5'°N can also 
be used to determine species foraging locations (Hadwen 
and Arthington, 2007), although the interactive effects of 
trophic enrichment and 6'°N baseline variability on shark 
isotope ratios can confound qualitative and quantitative TP 
determination (see Section 1.5.1, Trophic Position). 

dC values vary substantially at the base of the food chain 
between primary producers and different habitats with distinct 
inorganic carbon sources (Bouillon et al., 2011; Peterson and 
Fry, 1987); however, 5'°C trophic fractionation is considerably 
less than that for 6!°N (DeNiro and Epstein, 1978; Hussey et 
al., 2010). As a result, 5'°C ratios are relativity constant up the 
food chain and can be used as a more direct indicator of the 
sources of primary production for a food web (e.g., Heithaus 
et al., 2013) and the dietary and habitat selection of consumers 
(e.g., Rosas-Luis et al., 2017). In shark foraging studies, 6'°C 
values are most often used to distinguish benthic and pelagic, 
freshwater and marine, and inshore and offshore sources to 
animal diet (McMahon et al., 2013). For example, Burgess et 
al. (2016) measured 6'°C in giant manta ray (Mobula biros- 
tris) muscle tissue, surface zooplankton, and mesopelagic 
species and found that the majority of M. birostris diet was 
subsidized by mesopelagic sources. However, 61°C patterns in 
marine systems are complex and variable, and environmental 
trends in isotope distribution should be independently verified 
in each study if possible. 

Another useful dietary isotopic tracer is the heavy stable 
isotope of sulfur, 5*4S, although it is rarely used to study sharks 
(Munroe, unpublished data). Limited work has shown that, 
similar to 6C, 54S can distinguish the dietary contributions 
of different producers and food webs (Connolly et al., 2004; 
Fry et al., 1982); however, 54S has a highly complex marine 
cycle, and these trends are often inconsistent among studies 
(Connolly et al., 2004). Therefore, although 64S may help to 
distinguish different habitats and prey, 5°*4S values themselves 
can be difficult to interpret in high-level consumers. 

Other potential stable isotope tracers include oxygen 
(580) and strontium (68’Sr); however, these tracers are 
not necessarily dietary tracers and to date have only been 
applied to shark fossils in paleoecological studies (Fischer 
et al., 2013). 5'°O is typically measured in the hard parts 
of fish and are used as a proxy with which to measure local 
environmental conditions. This is because 6'8O fraction- 
ation during biomineralization is temperature dependent. 
As a result, 5'°O in otoliths can be used to estimate popu- 
lation connectivity and movement between habitats defined 
by different climates or temperature ranges (Currey et al., 
2014; Darnaude et al., 2014; Fraile et al., 2015). The use of 
6'8O with sharks and rays is limited, though, because the 
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hydroxyapatite that makes up their skeleton lacks oxygen; 
thus, shark skeletons do not contain the same record of infor- 
mation that is stored in the aragonite that composes teleost 
otoliths. 6°’Sr values are also measured in fish hard parts and 
change in accordance with a wide range of factors, including 
salinity, temperature, and lithology (Capo et al., 1998). In 
aquatic ecology, it is most commonly used to estimate the 
natal origins and movement of fish in complex river systems 
(Brennan, 2015; Humston et al., 2017; Kennedy, 2000). 


1.3.2 Fatty Acids 


Given the large number of potential FA tracers (>60), it not 
possible to describe each one in detail here, so this section 
will focus on the primary groups of FAs most commonly 
used to define consumer foraging patterns. It is important 
to note, however, that the validity of individual FAs as trac- 
ers is largely unexplored for many higher order taxa, sharks 
in particular. With only a few controlled feeding studies 
(Beckmann et al., 2013a,b), much of our understanding 
stems from retrospective analyses, whereby the individual 
FAs driving differences between sharks are then compared 
to FAs from other taxa. Furthermore, most FAA studies 
use the entire FA profile to identify distinct trophic groups 
(Dunstan et al., 1988; Pethybridge et al., 2011). Only recently 
have studies begun to examine individual FAs in greater 
detail (Every et al., 2016). 

Certain FAs, particularly some PUFAS, are known as 
essential fatty acids (EFAs) and can only be obtained from 
dietary sources (Iverson, 2009). They are transferred up the 
food chain with minimal modification and can be traced to 
known trophic sources; for example, EFA 22:63 (docoseh- 
exaenoic acid, or DHA) was used to distinguish captive Port 
Jackson sharks (Heterodontus portusjacksoni) that were fed 
different diets (Beckmann et al., 2013a). Because the biosyn- 
thesis of certain monounsaturated and saturated fatty acids 
is also limited, they retain their use as bioindicators. For 
example, the shorter chain MUFAs 16:1@7 and 18:19 are 
indicative of phytoplankton-, mangrove-, and macroalgae- 
based food webs, whereas the long-chain MUFAs 20:19, 
20:1@11, and 22:1@9 stem from zooplankton (Falk-Petersen 
et al., 2000; Kelly and Scheibling, 2011) and are thus valu- 
able indicators of mesopelagic feeding (Pethybridge et al., 
2014). SFAs (16:0 and 18:0, in particular) often dominate the 
muscle and liver FA profiles of many elasmobranchs. They 
have been used to distinguish demersal sharks feeding on 
mesopelagic and benthopelagic fish, squid, and crustaceans 
(Pethybridge et al., 2011). 

Furthermore, certain FAs are preferentially retained in 
different types of tissues and thus can highlight the con- 
sumption of prey with starkly contrasting physiology (e.g., 
marine mammal blubber vs. teleost muscle vs. cephalopod 
mantle). For example, 18:1@9 and 20:19 are especially high 
in blubber (Ackman et al., 1968; Waugh et al., 2014) and 
can indicate marine mammals as a prey type (Pethybridge 


et al., 2014; Schaufler et al., 2005). As promising as these 
indicators are, especially for elucidating the diet of com- 
plex predators feeding on a diverse range of organisms, they 
should be treated with caution as they remain entangled in 
trophic pathways, prey physiology, and potential bioconver- 
sion within the consumer. 


1.4 SAMPLE ANALYSIS 
1.4.1. Tissues 


Tissue selection is a crucial component of biomarker study 
design. In elasmobranch isotopic studies, the most fre- 
quently collected tissues are skin, muscle, whole blood, 
plasma, and to a lesser extent liver and calcified cartilage 
(i.e., hard parts). More recently, one study also sampled 
epidermal mucus (Burgess et al., 2017). The main issue 
to consider when selecting a tissue for SIA is that differ- 
ent tissues assimilate isotope ratios from food at different 
rates (Tieszen et al., 1983). Therefore, different tissues will 
represent a shark’s diet over different periods of time. The 
amount of time that is required for full isotopic assimila- 
tion, or for the isotope ratios of an animal’s previous diet 
to be replaced by the ratios of its current diet, is referred 
to as isotopic turnover. Tissues that are structural com- 
ponents and/or have low protein turnover, such as muscle, 
have slower isotopic turnover rates than more active tissues, 
such as plasma and liver (Vander Zanden et al., 2015b). As 
a result, muscle and plasma isotope values are often com- 
pared to observe changes in shark diet or habitat use over 
time (Kinney et al., 2011; Munroe et al., 2015). 

Isotopic turnover in sharks is relatively slow for all tis- 
sues. Logan and Lutcavage (2010) performed a diet-switch- 
ing experiment on captive sandbar sharks (Carcharhinus 
plumbeus) and found that complete isotope turnover for 
whole blood required 200 to 300 days, while muscle turn- 
over required 300 to 500 days. Kim et al. (2012) found simi- 
lar results, in that isotopic turnover in captive leopard sharks 
(Triakis semifasciata) was 300 days for plasma and >700 
days in muscle. In general, isotopic turnover in adult shark 
muscle tissue takes 21 year. For this reason, shark muscle 
values reflect the long-term foraging patterns of individuals 
and should only be used to evaluate equally long-term dietary 
and movement trends. Plasma and liver can be used to moni- 
tor more recent dietary trends, potentially at a seasonal scale. 
Turnover times are considerably shorter in fast-growing, 
more metabolically active juveniles (Malpica-Cruz et al., 
2012), and juvenile dietary patterns can be investigated over 
notably shorter timeframes (Matich et al., 2015). However, 
some neonate and young of year sharks will also reflect the 
isotope values of their mothers (Belicka et al., 2012; Olin et 
al., 2011). Potential maternal isotopic influences will need 
to be taken into account when examining any ontogenetic 
changes in juvenile shark isotope values. 
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Hard parts, more than any other tissue, provide a 
tangible link to the past. In contrast to soft tissues, hard 
parts (e.g., vertebra, teeth, spines) become metabolically 
(i.e., biochemically) inert after formation (Clement, 1992; 
Dean et al., 2015). Therefore, hard parts can be used to 
infer shark dietary or habitat use patterns at the time when 
that part was originally formed (McMillan et al., 2017). 
Vertebrae are particularly useful because sharks deposit 
annual growth-related bands which can be used to age each 
individual (Cailliet et al., 2006). Successive bands become 
metabolically inert after they are deposited; therefore, ver- 
tebrae can provide chronological isotopic records of shark 
foraging patterns over the lifetime of the individual (Tillett 
et al., 2011). Eye lenses are also being used as potential 
recorders of stable isotope histories (Wallace et al., 2014). 
Similar to vertebrae, lens fiber cells are deposited in suc- 
cessive concentric circles that become metabolically inert 
after formation (Dahm et al., 2007; Nicol and Somiya, 
1989). This technique has only recently been validated for a 
few shark species, but early work has shown isotopic varia- 
tion in shark lens layers can identify ontogenetic variation 
in foraging locations over regional scales (Quaeck, 2017). 

The most commonly collected tissues for FAA are 
subdermal tissue, muscle, liver, and blood plasma. Unlike 
SIA, the primary issue regarding tissue selection is the dif- 
ference in tissue physiology, which dictates the underly- 
ing FA profiles (Pethybridge et al., 2010). Specific groups 
of fatty acids (i.e, MUFAs vs. PUFAs) are preferentially 
sequestered into different tissues, which in turn serve dis- 
tinct functional roles; for example, shark muscle tissue has 
higher relative concentrations of PUFAs (including EFAs) 
compared to liver, which has a greater proportion of high- 
energy MUFAs (Davidson et al., 2014; Pethybridge et al., 
2014). How tissue-specific physiology confounds shark 
FAA remains largely unknown. Regardless, a range of tis- 
sue types have been successfully used to assess shark diet. 
Despite some debate about which tissues most accurately 
reflect shark prey (Beckmann et al., 2013a; McMeans et al., 
2012; Pethybridge et al., 2011), the selection of appropriate 
tissue should be based on availability, and, where possible, 
multiple tissue types should be used to confirm hypothe- 
ses (Davidson et al., 2011; Pethybridge et al., 2011, 2014; 
Schaufler et al., 2005). 

Similar to isotopes, FA turnover also varies between 
shark tissues. Beckmann et al. (2013b) found that the FA 
profiles of Heterodontus portusjacksoni blood, serum, and 
liver took 12 weeks to reach equilibrium with a new diet, 
whereas muscle took 18 weeks. However, tissue-based dif- 
ferences in FA profiles are far more significant than those 
influenced by turnover rates alone, and as such tissue FA 
profiles cannot be directly compared to examine dietary 
changes over time. Moreover, FA turnover rates are all rela- 
tively fast compared to stable isotopes and are better suited 
to assess fine-scale dietary shifts over much shorter time 
scales (Wai et al., 2011). 


1.4.2 Sample Collection and Preservation 


Biomarker samples need to be carefully and quickly pre- 
served to prevent degradation (Meyer et al., 2017). The two 
most common methods for long-term sample preservation 
and storage, regardless of biomarker, are freezing (-20°C) or 
submersion in ethanol. Freezing is preferred because it has 
a minimal effect on biomarker values (but see Wolf et al., 
2016) and will maintain ratios and FA profiles for prolonged 
periods of time (Meyer et al., 2017). Unfortunately, keeping 
samples frozen is not always a viable option. Storing samples 
in ethanol is a practical alternative (Hobson et al., 1997), but 
lipids are soluble in ethanol and submerging the sample will, 
in essence, begin the lipid extraction process (see Section 
1.4.4, Lipid Extraction). Samples may also exchange carbon 
with ethanol (Edwards et al., 2002). As a result, ethanol can 
alter stable isotope ratios (Sweeting et al., 2006). The change 
is usually small (Hobson et al., 1997) but may be as high 
as 1.5%o (Kaehler and Pakhomovy, 2001; Sarakinos et al., 
2002). The effect of ethanol also varies among taxa, tissues, 
and individuals (Arrington and Winemiller, 2002; Kim and 
Koch, 2012); therefore, if samples are stored in ethanol small 
differences in isotope ratios between samples (<1%) should 
be considered insignificant and ignored (Kim and Koch, 
2012; Sweeting et al., 2006). Tissues preserved in ethanol 
are still viable for FAA; however, ethanol can complicate 
the lipid extraction process. If the ethanol is discarded and 
replaced (as is common with samples retained for genetic 
studies), the extracted lipids will be lost and the sample will 
no longer be viable. Ethanol can also diminish growth-band- 
ing patterns in vertebrae, which can increase the likelihood 
of errors in age estimation (Wintner et al., 2002). 

Tissue samples should be dried and analyzed as soon as is 
reasonable to ensure the longevity of the samples and reliabil- 
ity of the analyses. Soft-tissue isotope samples can be dried 
via freeze drying or oven drying. Both techniques are suitable 
for bulk (i.e., whole tissue) isotope analysis, but oven drying 
will destroy amino and fatty acids, making it impossible to 
use oven-dried samples for compound-specific (see Section 
1.5.5, Compound-Specific Stable Isotope Analysis) or fatty 
acid studies. Thus, FAA can be performed on frozen or freeze- 
dried tissues only. Finally, vertebrae and other hard parts do 
not necessarily have to be oven or freeze dried prior to analy- 
sis. In fact, air drying hard parts in a fume hood is often ideal 
because oven drying can crack samples and confound aging 
analysis (Kim and Koch, 2012; Smith et al., 2013b). 


1.4.3. Urea Extraction 


Sharks and rays store large amounts of urea to help maintain 
osmotic equilibrium with their environment (Goldstein and 
Forster, 1971; Olson, 1999; Shuttleworth, 1988). Nitrogen 
waste products such as urea typically have low dN. As 
a result, urea can artificially depress 65N values, making 
shark 8!5N incomparable to other taxa (Fisk et al., 2002; 
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Hussey et al., 2010; Kim and Koch, 2012). Urea concentra- 
tions also vary among species, tissues, and individuals and 
are affected by environmental conditions (Ballantyne, 1997; 
Pillans et al., 2005). Therefore, urea must always be removed 
from shark tissues prior to isotope analysis (Carlisle et al., 
2016; Churchill et al., 2015). Urea can be removed from 
muscle tissue by rinsing samples with deionized water (Li et 
al., 2016; Marcus et al., 2017), although this procedure is not 
recommended for blood components (Kim and Koch, 2012). 


1.4.4 Lipid Extraction 


Lipids are isotopically light, or low in °C, compared to car- 
bohydrates and proteins (DeNiro and Epstein, 1977). Lipid 
content also varies substantially among different tissues, 
species, and individuals (Davidson et al., 2011; Meyer et al., 
2017; Pethybridge et al., 2014); therefore, lipids may have to be 
removed from tissue samples prior to isotope analysis in order 
to standardize 5'°C comparisons (Post et al., 2007). However, 
shark tissues, with the exception of liver, usually have low 
lipid content, so extraction may not be required. In general, 
it is always preferable to perform as few chemical treatments 
on any sample as possible. Bulk C:N ratios can be used as 
an indicator of lipid content and help to determine if lipid 
extraction is necessary (Post et al., 2007). Lipid extraction is 
commonly performed using a modified Bligh and Dyer (1959) 
method and is offered at an additional cost in most SI labo- 
ratories. Conveniently, Bligh and Dyer is also the preferred 
method of lipid extraction for FAA, so it is wise to retain lipid 
extracts from isotope samples for future FA studies (Marcus 
et al., 2017). Lipid extraction will also affect bulk 6'°N values. 
If lipid extraction is performed, samples should be divided 
into two portions and 65N ratios should be determined sepa- 
rately with untreated, urea-extracted samples (Kim and Koch, 
2012; Marcus et al., 2017). Another potential option is to apply 
a mathematical normalization to shark $C that adjusts val- 
ues for lipid content in non-treated samples (Post et al., 2007). 
Mathematical normalizations can help to streamline tissue 
preparation procedures and maintain 6"°N values. 


1.4.5 Special Considerations 
for Calcified Structures 


Hard parts contain mineralized inorganic carbon as well 
as the carbon found within the protein structures. Because 
inorganic carbon 6'°C can distort protein 6'C values, min- 
eralized inorganic carbon may have to be removed prior to 
analysis. Traditionally, HCl is used to dissolve and evapo- 
rate inorganic 6'°C; however, the addition of HCl can change 
SN values and will also rapidly dissolve collagen along 
with the inorganic matrix (Kim and Koch, 2012). Kim and 
Koch (2012) adapted an alternative technique originally 
described by Tuross et al. (1988) that uses EDTA (an organic 
chelating agent that binds to Ca”* ions) to treat powdered cal- 
cified samples. This approach helps to maximize the amount 


of collagen available for analysis while also removing inor- 
ganic material. It is important to note, however, that some 
shark hard parts are minimally calcified and treatment may 
be unnecessary. A subset of samples should be tested with 
and without treatment prior to a full analysis. 


1.5 ECOLOGICAL APPLICATIONS 
1.5.1 Trophic Position 


Elasmobranch biomarker analysis is most often used to 
determine shark trophic position. As previously discussed, 
SN increases substantially with each trophic level and is 
an excellent tracer to estimate the TP of sharks and rays. 
Although some FAs may reflect trophic position similar to 
ON, these are untested and are not currently recommended 
to determine shark TP. 545N values can be qualitatively 
compared among tissues, individuals, age classes, or spe- 
cies, where groups with higher 6'5N values are deemed to 
be at a higher trophic level. Malpica-Cruz et al. (2013) found 
that the 65N values of shortfin mako shark ([surus oxyrin- 
chus) and white shark (Carcharodon carcharias) soft tissues 
varied substantially as a function of size. Small individuals 
experienced a rapid increase in 65N of 2 to 3%c at approxi- 
mately 85 cm and 150 cm total length for J. oxyrinchus and 
C. carcharias, respectively. This change strongly suggested 
an increase in TP with size for each species. Estrada et al. 
(2006) performed incremental 5!°N analysis on C. carchar- 
ias vertebrae and produced individual chronological records 
of trophic information. Data showed significant enrich- 
ment in 65N with increasing distance from the vertebrae 
center, indicating a positive correlation between body size 
and trophic position (Figure 1.1). Thus, with little additional 
information, 5'5N can help to decipher the relative trophic 
patterns of sharks at the individual and population level; 
however, qualitative comparisons assume that differences 
in 55N between groups are almost entirely due to trophic 
fractionation and changes in TP, and that there is little or 
no variation in 5N baseline values between each group 
of interest. This is an unlikely assumption in most circum- 
stances as sharks are highly mobile and forage between food 
webs with distinct 6!5N baseline values. Moreover, 6°N 
baseline values will change over time. Shark movement pat- 
terns and local 5'5N fluctuations must be considered when 
comparing 5'5N between target groups. 

dN can also be used to calculate more precise estimates 
of shark TP. Among the various TP equations, the simplest 
one is as follows: 
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Figure 1.1 
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Stable isotope fractionation during growth in the white shark (n = 27). (A) 5'5N fractionation (%o) vs. vertebral radius (mm). 


Significantly different groups are indicated by lowercase letters and corresponding spanner lines above the symbols. (B) 5'8C 
fractionation vs. vertebral radius. Squares (A) and circles (B) indicate individual values; the solid line connects mean values 


+ SE. (Estrada, J.A. et al., Ecology, 87, 829-834, 2006.) 


where 8! Ny scetine organism 2d TPyacctine organism aLe the 6!°N value 
and expected TP for a baseline organism in the ecosystem 
(e.g., prey species, primary producer), 5! Nojsmopranch 18 the 
d'5N value of the shark, and A!°N is the DTDF (Post, 2002). 
Note that most TP calculations assume the DTDF remains 
constant between each trophic level. Unlike qualitative 
approaches, TP calculations standardize trophic comparisons 
between elasmobranchs because they can account for changes 
in DTDFs and 6®N baseline values over different temporal 
and spatial scales. Speed et al. (2012) calculated the TP of 
four shark species found at Ningaloo Reef, Western Australia, 
to compare their trophic role. Results indicated that 5'5N val- 
ues were important for distinguishing species and size ranges; 
however, TP calculations showed that the maximum differ- 
ence was only 0.6 trophic steps (TP = 4.3-3.7), which sug- 
gested considerable trophic overlap between species. 
Accurate TP estimates, however, hinge on a sound 
knowledge of local ecosystems and isotope dynamics. It 
is important to select baseline organisms and shark tissues 
that are appropriate for the spatial and temporal scale of the 
study; for example, due to long turnover rates, shark muscle 
values will likely reflect the dietary contributions of prey 
from outside the study area or time period. TP estimates 
are also heavily dependent on DTDFs. The most commonly 
used AN value is 3.4%c, which was originally put forward 
by Post (2002) and was derived by averaging the APN val- 
ues from past studies. However, these studies were domi- 
nated by birds, mammals, and teleosts, and Post (2002) also 
clearly acknowledged there was substantial variation across 
taxa. Unfortunately, there are no validated DTDFs for elas- 
mobranchs, although a few studies have tried to calculate 
more specific values. Hussey et al. (2010) estimated the AN 
of muscle and liver in three sand tiger sharks (Carcharias 


taurus) and a lemon shark (Negaprion brevirostris) in public 
aquaria. They found that the mean AlN value in muscle was 
2.29%o, but the liver ASN value was considerably lower, with 
a mean of 1.5%c. Kim et al. (2012) determined that the APN 
values for captive Triakis semifasciata (n = 6) were 2.2%o 
and 3.7%o in plasma and muscle, respectively. However, 
Malpica-Cruz et al. (2012) found significantly smaller AN 
values in neonate and young of the year T: semifasciata (n = 
16), with values ranging from 1.08% to 1.76%o. These stud- 
ies indicate that elasmobranch DTDFs are highly variable 
among species, age classes, and tissues and that no single 
DTDF is suitable for all elasmobranchs (Olin et al., 2013). 

APN values (as well as A?C) will also vary with diet 
quality and type (Caut et al., 2009; Rosenblatt and Heithaus, 
2012), as well as with trophic level, where the most appro- 
priate species-specific A!N values generally decrease with 
increasing trophic level (Olin et al., 2013). This violates a 
key assumption of most standard TP equations and can be 
problematic if baseline organisms are at a much lower tro- 
phic level than the predator. To avoid misleading results, 
calculate TP using a range of probable A'5N values. The best 
options for baseline organisms are secondary consumers that 
integrate local 6'°N values over a period of at least several 
months. Mixing-model TP equations, which account for the 
variable contributions of different prey to shark diet, are also 
available and will likely be more appropriate in most situa- 
tions (Post, 2002). Compound-specific stable isotope analy- 
sis (see Section 1.5.5) can provide more precise TP estimates 
than bulk calculations. Ultimately, although 5'°N can be a 
highly useful way to examine the diet and trophic level of 
shark species, TP calculations and comparisons should be 
interpreted with caution and factors such as AlN must be 
carefully considered prior to data analysis. 


DIETARY BIOMARKERS IN SHARK FORAGING AND MOVEMENT ECOLOGY 9 


1.5.2 Niche Breadth and Specialization 


Biomarkers are increasingly used as a proxy to estimate the 
trophic niche of aquatic species. The variety of distinct and 
contradictory definitions for the niche concept cannot be 
properly explored here (Poisot et al., 2011), but within the 
context of shark dietary analysis niche breadth is defined as 
a measurement of all the resources used by a species, relative 
to the resources available within the environment (Colwell 
and Futuyma, 1971; Munroe et al., 2014). Hutchinson 
(1957) proposed that niche breadth could be quantitatively 
measured using an n-dimensional hypervolume, where the 
dimensions are environmental variables (e.g., prey that are 
available), and the multidimensional hypervolume is the 
environmental space occupied by the species (e.g., prey 
that are consumed). The hypervolume can be plotted on a 
Cartesian coordinate system where the axes are environ- 
mental variables. Biomarkers that are measured in primary 
producers or prey items reflect the range of available dietary 
resources, while the values of consumers reflect the specific 
resources a species actually uses. As a result, biomarkers 
can be used as a proxy to measure the trophic niche of sharks 
and rays; however, the biochemical niche of a species is not 
equivalent to its ecological niche, which includes a range of 
variables and factors that biomarkers cannot reliable detect. 
Thus, biomarker and ecological niches are two separate enti- 
ties and are not interchangeable. 

Stable isotopes are commonly used to investigate the 
trophic niche of sharks, where the niche is the area in iso- 
topic space occupied by the elasmobranch population (i.e., 
hypervolume) and isotope values are used as coordinates 
(i.e., environmental variables) (Newsome et al., 2007). 
These estimates are best referred to as isotopic niches to 
avoid confusion with niches based on other diet data. Groups 
(e.g., species, age classes, sexes) with smaller isotopic niches 
are presumed to consume a less diverse array of resources 
and are therefore more specialized than populations with 
larger isotopic niches (but see caveats described below). The 
relative position and size of isotopic niches are then used 
to estimate shark foraging patterns, resource partitioning, 
and trophic specialization (Tilley et al., 2013; Vaudo and 
Heithaus, 2011). Heithaus et al. (2013) used 6C and 65N 
to estimate the isotopic niche overlap of dolphins, large 
sharks, and small elasmobranchs in Shark Bay, Australia. 
Each group occupied a unique area in isotopic space, sug- 
gesting limited resource use overlap and low competition for 
prey (Figure 1.2). The relative position of each population in 
isotopic space also helped delineate resource use patterns. 
Elasmobranchs had the highest 6°C values, which sug- 
gested that seagrass-based (5'C-enriched) food webs were 
more important to elasmobranchs than resident dolphins. 

This approach relies on two key assumptions (Bearhop 
et al., 2004): First, prey species must be isotopically distinct. 
If prey isotope values overlap or are poorly resolved, mea- 
suring niche breadth is a pointless exercise. The amount of 
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Figure 1.2 Standard ellipse areas corrected for sample size 
(SEAc) of large predators based on guild-level analy- 
ses. (Based on Heithaus, M.R. et al., Mar. Ecol. Prog. 
Ser., 481, 225-237, 2013.) 


variation that might occur between populations is directly 
tied to the variation in isotopic values of potential prey 
resources; therefore, the ecosystem context of isotope val- 
ues must be considered. Second, the tissue that is analyzed 
must reflect a time period over which population niche width 
(i.e., intraspecific variation) is expressed. In a population 
of individual generalists, individual variability in isotopic 
values will often only manifest over shorter timeframes. 
Shark tissues, particularly muscle, have long turnover times. 
Individual shark muscle ratios will eventually converge via 
the averaging of isotope values from prey consumed over 
long periods of time. The muscle values of highly migratory 
sharks will also reflect contributions from distant food webs. 
As aresult, niche breadth models of shark muscle tissue can 
be misleading. To avoid these problems, it is important to 
sample and compare multiple tissues with different turnover 
rates. Fast-turnover tissues such as plasma should be used 
whenever possible. Finally, it is important to consider that 
isotopes are not measuring diets but overall trophic inter- 
actions. High isotopic specialization suggests that there is 
specialization in the types of food webs (e.g., seagrass vs. 
phytoplankton) that individuals are foraging in, and not spe- 
cific prey types being consumed. To obtain prey-specific 
detail, mixing models, more specific tracers, or stomach 
content analyses are required. 

Isotopic niche breadth can be measured using a vari- 
ety of different approaches (Jackson et al., 2011; Layman et 
al., 2007, 2012). The total area (TA) metric uses a convex 
hull to encompass all of the individuals within a population 
(Layman et al., 2007), so TA is a useful measure of total 
isotopic spread in a population. A Bayesian standard ellip- 
tical area (SEA,) is fit around the densest isotope values 
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within a population and explicitly accounts for the uncer- 
tainty associated with isotope ratios (Jackson et al., 2011). 
As a result, SEA, is less sensitive to sample size and is a 
better measure of core isotopic niche breadth size. Espinoza 
et al. (2015) used 6°C and 6°N of muscle tissue to exam- 
ine the feeding ecology of four common demersal elasmo- 
branchs off the Pacific Coast of Costa Rica. The authors 
compared the isotopic niches of juveniles and adults of 
each species using convex hulls and SEA, (Figure 1.3). The 
authors found that, for most species, juveniles and adults 
had distinct isotopic niches, with adults consuming prey at 
higher trophic levels. TA size, however, clearly increased 
with sample size, whereas SEA, resulted in more reason- 
able comparisons between age classes with unequal sample 
sizes. Empirical evaluations of both TA and SEA, methods 
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Figure 1.3 
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have shown that a minimum of 30 samples are needed to 
ensure that SEA, size and position are indicative of the true 
isotopic niche of the population (Syvaranta et al., 2013). TA 
estimates require a much greater sample size to reach a sim- 
ilar level of precision. Rarefaction analysis can be used to 
determine if sample sizes adequately measure TA (Vaudo 
and Heithaus, 2011). 

Layman et al. (2007) proposed several other metrics that 
help elucidate aspects of trophic diversity within popula- 
tions using stable isotopes; for example, the mean distance 
of individual stable isotopic values to the centroid (CD) of 
the isotopic niche provides an estimate of the average tro- 
phic diversity within a population. The density and even- 
ness of individual packing within an isotopic niche can be 
calculated using nearest neighbor distances (NDDs) and 
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Isotopic niche overlap plot of immature (black filled circles) and mature (red filled squares) individuals of (A) Mustelus henlei, 


(B) Raja velezi, (C) Zapteryx xyster, and (D) Torpedo peruana. Convex hulls are indicated by black dashed lines. Standard 
Bayesian ellipses are indicated by solid colored lines. (Espinoza, M. et al., J. Exp. Mar. Biol. Ecol., 470, 12-25, 2015.) 
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the standard deviation of NDD (SDNDD), respectively. 
These metrics were used to show that batoids foraging on 
a common sandflat in Australia had similar degrees of tro- 
phic diversity and evenness within populations (Vaudo and 
Heithaus, 2011). Tiger sharks (Galeocerdo cuvier) in the 
same ecosystem had higher CDs than other shark species, 
suggesting greater trophic diversity (Heithaus et al., 2013). 
Batoid species with low sample sizes showed higher values 
across metrics, suggesting that adequate sample sizes are 
important to avoid drawing inaccurate conclusions. 

The same principles and approaches apply to assessing 
niche breadth using FA profiles. Broadly speaking, greater 
intraspecific variation in FA profiles implies populations 
having larger biomarker niches. Pethybridge et al. (2010) 
found that dogfish (Squalus acanthias) had the greatest rela- 
tive variation in both muscle and liver FA profiles compared 
with 17 other deep-sea chondrichthyans, indicating that the 
S. acanthias population consumed the widest range of tro- 
phic resources. In contrast, the gulper shark (Centrophorus 
zeehaani) had the lowest level of variation in liver FA pro- 
files, indicating that it had a limited habitat distribution and 
a smaller trophic niche. More recently, Every et al. (2017) 
used ellipse fitting in multidimensional space to calculate 
fatty acid niche areas for sympatric sharks from northern 
Australia. Despite the novelty of applying FA datasets to 
methods traditionally reserved for isotopic data, this is an 
emerging area of work that should be explored further given 
the overlapping foundations of both biomarker groups. In 
some cases, FA may actually be the preferable approach. FA 
turnover is much faster than SI turnover, regardless of tis- 
sue; therefore, there is a smaller chance of FA profile conver- 
gence, and profiles are more likely to represent recent and 
local feeding patterns. 

Biomarkers, especially isotopes, can also be used to 
measure individual specialization. Most approaches use 
either hard parts that incorporate the stable isotope values 
of an individual at a particular point in time (e.g., vertebrae) 
(Christiansen et al., 2015) or by measuring the isotopic values 
of multiple tissues that incorporate isotopic values over dif- 
ferent time frames (e.g., Matich et al., 2011). Repeated sam- 
pling of the same tissue from an individual captured multiple 
times is another potential option, although recapture rates of 
most elasmobranchs are too low to obtain sufficient sample 
sizes. In simplest terms, if isotopic values remain constant 
over time, this would imply that the individual is a specialist; 
if values change over time, this would imply that the individ- 
ual is a generalist (Bearhop et al., 2004). Statistical methods 
for measuring individual specialization rely on measuring 
the proportion of variance in isotopic variables that is attrib- 
utable to variation within an individual (WIC) and variation 
between individuals (BIC) (Bolnick et al., 2003; Matich et al., 
2011). If individuals have generalized diets, the WIC com- 
ponent of variation should be higher, and the specialization 
ratio (BIC:WIC) should increase as the degree of individual 


specialization increases. Matich et al. (2011) measured 6°C 
values of plasma (shortest isotopic turnover rate), whole 
blood, muscle, and fin clips (longest turnover rate) from 
juvenile bull sharks (Carcharhinus leucas) in Florida and 
tiger sharks (Galeocerdo cuvier) in Australia. General linear 
models (GLMs) were used to calculate specialization indices. 
Although at the population level both populations appear to 
be trophic generalists, specialization ratios revealed higher 
degrees of individual specialization within the C. leucas pop- 
ulation than the G. cuvier population. Individual C. leucas 
appeared to adopt one of several foraging tactics, including 
specializing in foraging from marine or estuarine/freshwater 
food webs, exhibiting a stable mix for foraging across habi- 
tats, or adopting more temporally variable diets (Matich et 
al., 2011). Similar to population-level assessments, in order to 
employ these analyses the prey species must be isotopically 
distinct, and the tissues must reflect a time period over which 
inter- and intraspecific variation is expressed. 


1.5.3 Diet Reconstruction and Mixing Models 


Diet reconstruction is arguably the most popular application 
for biomarkers today. Despite the wide range of techniques 
and models available, diet reconstruction itself is a relatively 
simple concept. Elasmobranch biomarker values are the 
weighted average of the biomarker values of their prey. As 
a result, biomarkers can be used to determine the relative 
contributions of different food sources to elasmobranch diet. 
Isotope diet reconstructions require the isotope values of the 
consumer, values for each potential prey item or resource 
(known as isotopic sources or end members), and DTDFs to 
account for changes in isotope values between the consumer 
and its diet (Parnell et al., 2013). Isotopic sources must be 
sufficiently distinct, or well resolved, to distinguish their 
separate contributions to shark diet (Phillips et al., 2014). 
Traditionally, dietary contributions to shark populations 
have been qualitatively assessed and have considered only 
a few broad resource groups. Fisk et al. (2002) used 8'°C to 
examine the dietary patterns of Somniosus microcephalus. 
Pelagic habitats typically have lower 6'°C values than benthic 
food webs, and the authors found that shark tissues had low 
d°C, indicating that S$. microcephalus consumed a greater 
proportion of pelagic than benthic prey. More recently, 
Matich and Heithaus (2014) used 6!°C values of whole blood 
and plasma from juvenile bull sharks (Carcharhinus leucas) 
collected in a Florida estuary to observe seasonal changes in 
prey consumption. Because plasma has a faster turnover rate 
than whole blood, plasma was used to detect comparatively 
recent dietary patterns. Matich and Heithaus (2014) found 
that plasma 6'°C was higher than whole blood, which sug- 
gested that juvenile sharks exhibited seasonal dietary shifts 
between marine and freshwater prey. This particular study 
emphasizes the value of multi-tissue analysis, which allows 
researchers to observe diet-switching behavior over time. 
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More often, however, researchers want to create detailed 
reconstructions that specify the dietary contributions of 
particular prey from of a potentially large array of options. 
Isotope mixing models are a highly effective approach that 
can provide more precise dietary reconstructions. Mixing 
models determine the proportional contributions of sources 
(e.g., prey) to a mixture (Moore and Semmens, 2008; Parnell 
et al., 2013; Phillips, 2012). In this case, the “mixture” is the 
isotope value of the elasmobranch. Mixing models calculate 
solutions based on a mass-balance approach, where the con- 
tributions of potential prey must sum to 100% (Parnell et al., 
2013; Phillips, 2012). The simplest linear mixing models can 
only uniquely distinguish the contributions of a maximum of 
n+ 1 sources, where n is the number of isotopes included in 
the study (Phillips et al., 2014). When the number of sources 
is greater than the number of isotopes, the model is under- 
determined and will return an infinite number of solutions 
(Boecklen et al., 2011). Shark isotope studies usually only 
include 6°C and 6°N (Hussey et al., 2012), so there will 
almost always be more significant dietary sources than iso- 
topes in a given environment. These underdetermined models 
are common when working with sharks because top preda- 
tors often consume a wide range of resources. Some mixing 
models (e.g., IsoSource, SIAR) overcome this limitation by 
reporting a range of likely contribution solutions and thus 
do not require complete isotopic resolution (Parnell et al., 
2013; Phillips, 2012). Bayesian mixing models (SIAR) can 
be particularly useful when working with shark populations 


because they account for the intrinsic uncertainty linked with 
multiple sources, fractionation, and isotope ratios (Moore and 
Semmens, 2008). Navarro et al. (2014) used a combination of 
stomach content and stable isotope analysis to study the tro- 
phic ecology of the deep-sea kitefin shark (Dalatias licha). 
The authors used 6'°C and 6N in a Bayesian isotope mixing 
model to estimate the contributions of small sharks, teleosts, 
crustaceans, and cephalopods to the D. licha diet. The model 
indicated that small elasmobranchs constituted the majority 
of the D. licha diet (Figure 1.4), and these results were sup- 
ported by stomach content analysis. This study demonstrates 
mixing models can be an accurate and valuable tool in shark 
foraging ecology. 

Model accuracy, however, depends on a number of key 
factors, and Bayesian or IsoSource models should not be 
viewed as an easy or infallible way to address complex food 
web questions. Similar to niche breadth models, diet recon- 
structions using shark muscle ratios will not capture dietary 
trends over small spatial and temporal scales. Mixing models 
also assume that every source in the model contributes to the 
consumer’s diet and that all significant dietary sources have 
been included in the model (Parnell et al., 2013; Phillips, 
2012). Even when using models designed to cope with too 
many sources, underdetermined model outputs are less pre- 
cise, the range of possible solutions increases, and models 
will increasingly indicate the predator consumes an equal 
proportion of each prey category, although in reality this 
may not be the case (Boecklen et al., 2011; Brett, 2014). If 
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Figure 1.4 Results of the SIAR Bayesian isotope mixing model (95, 75, and 50% credibility intervals) showing estimated prey contribu- 
tions (SHARKS, small sharks; FISH, fin-fishes; CRUST, crustaceans; CEPHAL, cephalopods) of the diet of Dalatias licha in 
the western Mediterranean sea based on liver (a) and muscle (b) isotopic values. Mean and SE of 5'5N and 8'°C and the stan- 
dard ellipse areas of liver (upper-right corner of panel a) and muscle (upper-right corner of panel b) are also shown. (Navarro, 


J. etal., Mar. Biol., 161, 1697-1707, 2014.) 
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important sources are not included, some models will sim- 
ply fail to compute a result altogether (Smith et al., 2013a). 
It is critical to understand that underdetermined models will 
always provide less reliable results, and models become less 
reliable with each additional source (Brett, 2014; Phillips 
and Gregg, 2003; Phillips et al., 2014). It is important to 
keep potential dietary sources to a realistic minimum and 
only include sources if there is reasonable evidence to sug- 
gest that the prey sources are indeed components of the 
shark diet. DTDFs also have a large effect on model outputs 
and should be carefully considered prior to analysis (Bond 
and Diamond, 2011) (see Section 1.5.1, Trophic Position, for 
expanded discussion). 

Fatty acid analysis can also be applied to shark diet 
reconstructions, whereby trophic links are presumed based 
on the similarity of predator and prey profiles. As with sta- 
ble isotopes, fatty acid profiles must be distinct in order to 
distinguish different dietary sources (McMeans et al., 2012; 
Pethybridge et al., 2011). However, because there are far 
more fatty acids than stable isotopes, it is possible to distin- 
guish a greater variety of more specific sources. Unlike iso- 
tope approaches that predominantly use only two isotopes, 
fatty acid methods usually include ~20 biomarkers, which 
necessitates the use of multivariate statistical analyses. FAA 
dietary assessments rely on ordination plots, including mul- 
tidimensional scaling, principal coordinate analysis, and 
constrained ordination plots, where the prey groups that are 
most closely clustered with the predator groups are consid- 
ered the primary prey species for that consumer (Rohner et 
al., 2013; Semeniuk et al., 2007). For example, a study using 
fatty acid profiles of Somniosus microcephalus from the 
same location as those studied in Fisk et al. (2002) confirmed 
the reliance on pelagic resources, but also indicated preda- 
tion on halibut and ringed seals in particular (McMeans et 
al., 2012). As with SIA, fatty acid dietary assessments can 
be used to observe ontogenetic (e.g., Wai et al., 2011), spa- 
tial (e.g., Belicka et al., 2012; McMeans et al., 2013), and 
temporal (e.g., Every et al., 2017) changes in diet. Mixing 
models can also theoretically be applied to shark fatty acid 
datasets. One such technique is quantitative fatty acid signa- 
ture analysis (QFASA). This technique was originally devel- 
oped for pinnipeds (Iverson et al., 2004) and has since been 
applied to fish and other taxa (Magnone et al., 2015). These 
models are based on the same principles as those developed 
with SIA and can provide quantitative estimates of the pro- 
portions of prey species in the diets of individual predators. 
However, QFASA, similar to SI mixing models and DTDFs, 
must account for lipid metabolism and deposition in the tar- 
get predator. This information is not currently available for 
elasmobranchs. Calibration coefficients can be determined 
using captive feeding trials (Iverson et al., 2004), but as with 
DTDFs they will likely vary between species. 

Fatty acid analysis and SIA can also be combined to cre- 
ate more accurate and precise reconstructions. McMeans et al. 
(2013) combined FAA and SIA to identify the location-specific 
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Figure 1.5 Principal component analyses of Greenland shark 
(Somniosus microcephalus) fatty acid profiles from 
Kongsfjorden, Svalbard, Norway (dark-green circles, 
muscle; light-green circles, plasma) and Cumberland 
Sound, Canada (dark-blue triangles, muscle; light- 
blue triangles, plasma), as well as Greenland hali- 
but (Reinhardtius hippoglossoides) (H), ringed seals 
(Pusa hispida) (R), bearded seals (Erignathus barba- 
tus) (B), plaice (Hippoglossoides platessoides) (P), 
starry skate (Amblyraja radiate) (S), and Atlantic cod 
(Gadus morhua) (C) from Cumberland Sound, Canada 
(gray) and Kongsfjorden, Svalbard, Norway (red). 
The amount of variance explained and fatty acids 
that loaded significantly (i.e., >0.60) on each PC axis 
are shown. (McMeans, B.C. et al., Mar. Biol., 160(5), 
1223-1238, 2013.) 


foraging ecology of Somniosus microcephalus in Norway 
and Canada, respectively. Here, the use of ordination plots of 
the fatty acid profiles showcased specific differences in prey 
consumption, with the Canadian S. microcephalus feeding 
more on halibut (rich in 20:19) and the Norwegian sharks 
feeding on ringed seals (high in 16:1@7) and benthic skates 
(high in 22:1@9 and 20:53) (Figure 1.5). SIA results quanti- 
fied trophic position and feeding location; thus, the authors 
were able to build a clearer picture of the distinct ecological 
role S. microcephalus plays within these two food webs than 
would have been possible with either technique alone. 
Ultimately, biomarker dietary reconstructions can pro- 
vide incredible insights into the foraging patterns of sharks 
and rays that are far more difficult to achieve using tradi- 
tional methods. Nonetheless, underdetermined isotope mix- 
ing models are a prevalent problem in shark ecology, and 
research questions should be tailored with this limitation in 
mind (e.g., Burgess et al., 2016). If underdetermined models 
cannot be avoided, then additional tracers or data, such as 
5*4S or stomach contents, should also be included (Hussey 
et al., 2012; Layman et al., 2012). In cases where potential 
sources are poorly resolved and have similar isotope values, 
it may be necessary to combine sources into broad resource 
categories (Phillips et al., 2005). Model simplification may 
make outputs less precise, but it will make the results more 
ecologically and mathematically robust. Looking forward, 
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FAA can provide more precise dietary reconstructions, and it 
is important to continue to develop this technique for future 
shark research. Currently, however, poorly understood tissue- 
specific fatty acid profiles and bioconversion processes can 
interfere with this approach. Preliminary studies are recom- 
mended to help ensure that prey or resource groups are suffi- 
ciently resolved and ecologically appropriate for each model. 


1.5.4 Movement and Migration 


The biochemical values of food webs vary over time and 
space in accordance with changes in biogeochemical and 
oceanographic processes. These differences are transferred 
up the food chain and are ultimately reflected in the biochem- 
ical values of the elasmobranchs that forage within these 
distinct habitats. In simplest terms, a shark’s biomarker sig- 
nature being consistent with the local food web implies that 
the individual is resident to the foraging location in which it 
was sampled. In contrast, when a shark’s biomarker signa- 
ture is inconsistent with the local food web, this would imply 
that the individual recently acquired food from a different, 
biochemically distinct location. Therefore, biomarker values 
can act as intrinsic tags to study shark and ray movement at 
local, regional, and even global scales (Hobson, 1999, 2008). 

Binary or relatively specific assessments of population or 
foraging connectivity can be achieved using isotope mixing 
models. Carlisle et al. (2012) used a combination of electronic 
tags and Bayesian mixing models to study the migratory pat- 
terns of Carcharodon carcharias in the northeastern Pacific 
(NEP). Initially, the authors used electronic tagging data 
to identify focal regions inhabited by C. carcharias. These 
regions included coastal areas off the western United States 
and offshore pelagic habitats. They then isotopically charac- 
terized these different focal regions by collecting SI values for 
all known C. carcharias prey in the NEP from the literature. 
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Finally, the authors developed a modified Bayesian mixing 
model (constrained by prior information on shark movement 
and diet) where the isotope values for each focal region were 
used as the isotopic sources, and C. carcharias muscle ratios 
were included as the mixture. Results showed relatively equal 
dietary contributions from coastal and offshore regions, indi- 
cating that C. carcharias foraged in both areas. These results 
strongly suggest significant C. carcharias migratory connec- 
tivity between these two distinct regions. In this case, mus- 
cle values were a useful metric because their ratios were the 
weighted average of prey consumption across distant areas 
visited over long periods of time. McCauley et al. (2012) also 
used a Bayesian mixing model to establish the spatial forag- 
ing patterns of the blacktip reef shark (Carcharhinus mela- 
nopterus) and gray reef shark (Carcharhinus amblyrhynchos) 
at the Palmyra Atoll. The authors established isotopic end 
members for three distinct habitats in and near the atoll, spe- 
cifically the lagoon, the forereef, and the surrounding pelagic 
habitat. Isotopic end members were determined using the 
mean isotope values of resident predatory fish in each habitat. 
Results indicated that both species consumed prey in forereef 
and pelagic habitats. Thus, these species likely help to ener- 
getically link distinct resources in different habitats. 
Isoscapes (shortened form of “isotope landscapes”) are 
another, more geographically explicit way to estimate animal 
foraging patterns across diverse and distant environments. 
Isoscapes are spatially continuous predictions of isotope 
ratios projected over a geographic coordinate system (West et 
al., 2010). These models are incredibly useful for visualizing 
isotope variance in aquatic environments because it is simply 
not plausible to directly sample isotope values for every pos- 
sible coordinate in the ocean. Isoscapes can fill in the spatial 
gaps in our regional and global maps and can be constructed 
using biogeochemical (process-based) models (Figure 1.6) or 
via spatial interpolation of measured values (measure-based). 
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Process-based modeled, annually averaged surface water distribution of the carbon isotope composition of phytoplankton 


(5'°Cp, x, %o). Annual average 5'°C,,, values are calculated using a monthly climatology for the period from 2001 to 2010. 


(Magozzi, S. et al., Ecosphere, 8, €01763, 2017.) 
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Process-based approaches use environmental variables (e.g., 
temperature, depth) and known biochemical processes (e.g., 
fractionation) to predict isotope ratios over space and time 
(Magozzi et al., 2017; Somes et al., 2010; West et al., 2008). 
Measure-based isoscapes predict the isotope values of unde- 
fined locations using inverse distance weighting (i.e., krig- 
ing), where the isotope value of the undefined coordinate is 
the weighted average of nearby measured coordinates (Jaeger 
et al., 2010; MacKenzie et al., 2014). Measure-based isoscapes 
are constructed using reference organisms or abiotic compart- 
ments that represent local baseline isotope values. 

When an isoscape has been established, it can be used to 
investigate the spatial foraging patterns of marine species. Ina 
recent global-scale study, Bird et al. (2018) assembled records 
of the 6°C values of muscle from approximately 5000 sharks. 
Samples were originally collected across large latitudinal 
gradients in oceanic, shelf, and deep water foraging habitats. 
Bird and his coworkers compared the 6°C values of shark 
muscle to a global 6°C phytoplankton (6°C,,,) process- 
based isoscape model (Magozzi et al., 2017). The latitudinal 
$C gradients of coastal sharks mimicked those predicted 
by the isoscape (Figure 1.7). This indicated that, in general, 
coastal sharks do not undertake large latitudinal migrations 
and obtain the majority of their carbon from the local food 
webs where they were sampled. By comparison, the latitu- 
dinal 56°C gradients of oceanic sharks were much shallower 
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Figure 1.7 Linear regressions between latitude and carbon iso- 
topic composition measured in shark muscle (5'°Cg, 
solid gray), modeled in phytoplankton from capture 
locations (5'°C;,,, solid black), and predicted for shark 
muscle assuming local residency and a pelagic phy- 
toplankton-supported food web (5'°C,_, dashed red). 
Individual 5'°C, data points are displayed using open 
circles; predicted 5'°C,,, values from shark capture 
locations are black diamonds. Maps indicate individ- 
ual shark sample distributions overlaid with the 5'C,,, 
isoscape. (Bird, C. et al., Nat. Ecol. Evol., 2, 299-305, 
2018.) 


than those predicted from local 6°C,,,. These inconsistent 
latitudinal trends indicate that oceanic sharks did not obtain 
their prey from local food webs. Instead, results suggest oce- 
anic sharks acquire large proportions of their carbon from a 
narrower latitudinal range between 30 and 50 degrees. 

The movement and migratory patterns of sharks can 
also be investigated using probabilistic assignment to origin 
models. Assignment models use the isotope ratios of tissue 
samples to predict the geographic area in which the tissue 
was formed (Hobson et al., 2010; Wunder, 2010). If a sam- 
ple’s isotopic signature “matches” a specific location, then 
the sample is assigned to that location. Thus, these mod- 
els can generate geographically specific assignments that 
indicate the likely migratory origin for a sample (i.e., indi- 
vidual). Assignment models typically use the stable isotope 
ratios of hard parts because they reflect the isotope values 
of the foraging location where they were originally formed; 
otherwise, the isotope values of different tissues with dif- 
ferent turnover rates are measured. There are several differ- 
ent assignment model approaches (Wunder, 2012). Nominal 
assignment frameworks, such as classification trees, assign 
individuals to one of several possible locations that have been 
predetermined by the researcher as likely areas of migratory 
origin. The isotopic values of predetermined locations can 
be defined by reference organisms or abiotic compartments; 
however, this model requires significant prior knowledge of 
a species’ likely migration patterns. Continuous assignment 
frameworks use isoscapes to assign individuals to a general 
area (i.e., probability distribution) and do not require a pre- 
determined list of potential locations. 

Assignment models, however, are rarely applied in 
open marine environments, and we are aware of just three 
studies where marine animals have been assigned to likely 
geographic origins using continuous or isoscape-based 
frameworks (Torniainen et al., 2017; Trueman et al., 2017; 
Vander Zanden et al., 2015a). This is in large part due to do 
the difficulties associated with developing marine isoscapes 
and the limited number of reference samples that have been 
collected across the global ocean (McMahon et al., 2013). 
Nonetheless, the limited work that is available indicates that, 
in the future, marine animal assignments will be a power- 
ful and accurate technique in migratory studies. Trueman 
et al. (2017), for example, used a jellyfish-based isoscape of 
the North Sea to assign scallops of known origin and her- 
ring with well-known population level distributions. Results 
were extremely promising; 75% of sampled scallops were 
accurately assigned with a mean linear error on the order of 
10?km. When the assignment model was applied to herring, 
it produced ecologically realistic assignments that were vali- 
dated by available fisheries survey data. 

Unfortunately, any potential shark isotope assignment 
models will be uniquely problematic. Assignment models 
rely on the assumptions that the original isoscape or refer- 
ence organism is an appropriate metric with which to esti- 
mate animal migration and that ratios are relatively static 
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through time (Graham et al., 2010; Wunder, 2010). Sharks, 
however, consume a wide range of dietary resources and 
travel large distances over short periods of time. Individual 
specialization within populations is common, and oceanic 
isotope ratios are highly dynamic. For these reasons, these 
significant assumptions will likely be difficult to justify. 
Moreover, shark tissue turnover rates are exceptionally long, 
particularly in adults, so the isotopic values of some tissues 
may simply not provide the level of precision required for 
accurate assignments (Hobson et al., 2010). Continuous 
frameworks also assume that the transfer or integration of 
isotope ratios from the isoscape to the consumer is relatively 
predicable and consistent (Wunder, 2010). Similar to diet 
reconstruction models, isoscape values must be rescaled 
prior to assignment to account for trophic fractionation 
between the consumer and its diet (Hobson et al., 2010). 
This can be done by applying a fixed offset or DTDF, but 
selecting the correct offset for shark species, as has been 
discussed in other sections of this chapter, can be highly 
problematic. Isoscape calibration using known values from 
each unique study is the best option (Wunder, 2010), but this 
may not always be possible. 

To date, most migratory biomarker research has relied 
on SIA, but recent work has shown that fatty acids can also 
provide insight into shark movement and migration; for 
example, high levels of 20:46 highlighted diel vertical 
movements in whale sharks (Rhincodon typus) (Marcus et 
al., 2016). There is also growing potential to use FA metabo- 
lism to reflect energy expenditure and, in turn, large-scale 
migrations (Osako et al., 2006), but this has yet to be vali- 
dated in elasmobranchs. One of the most promising appli- 
cations in fatty acid movement analysis is the FATscape. 
Similar to isoscapes, FATscapes are geographic contour 
maps of distinct FA bioregions that can be used to trace 
the spatial and temporal foraging strategies of individuals 
as they move across distinct food webs (Pethybridge et al., 
2015). Although this approach was only recently validated 
with albacore tuna (Thunnus alalunga) (Pethybridge et 
al., 2015), this work showcases the novel use of predictive 
mixing models with fatty acids. These FA applications will 
certainly prove useful in future elasmobranch movement 
studies as they have the potential to provide a greater level 
of precision than stable isotopes alone. 

To improve the quality of any shark movement or migra- 
tion study, models should be constrained by prior knowledge 
of shark movement patterns. Catch, tagging, or genetic data 
can help narrow the geographic range of assignment or mix- 
ing models and help to identify the most likely migratory 
pathways. It is also important to recognize that biomarker 
values can vary substantially at small and local scales. Local 
scale variation can sometimes dwarf isotopic variation at 
regional or latitudinal scales. This could confound move- 
ment analysis, and localized dietary specialization may 
be misinterpreted as long-distance migration; additional 


tracking data may be necessary to support or supplement 
biomarker results and allow for more robust conclusions. 
Finally, no spatial foraging model, no matter how well vali- 
dated or informed, will provide pinpoint accuracy. If exact 
coordinates are required, some form of electronic tracking 
is the only option, but electronic tracking cannot tell us if a 
shark is actually consuming resources in the area it inhabits. 
Biomarkers provide this important information. 


1.5.5 Compound-Specific Stable 
Isotope Analysis 


Thus far, we have focused our discussion on the ecological 
applications of bulk isotope analysis and how fractionation, 
particularly trophic fractionation, can differentiate dietary 
sources and delineate food web structure. However, analyti- 
cal techniques are now available that determine the isotopic 
ratios of individual compounds, a process referred to as com- 
pound-specific stable isotope analysis (CSIA) (Krummen et 
al., 2004; Sessions, 2006). CSIA can reduce much of the 
uncertainty associated with bulk SIA applications because 
it yields a wider selection of isotopic values and can pro- 
vide more detailed ecological information (McMahon et al., 
2010, 2016). Moreover, the biochemical processes that affect 
individual compounds are often far fewer than those that 
affect the bulk tissue as a whole. Therefore, CSIA allows 
researchers to unscramble the confounding effects of tro- 
phic enrichment and source variation over space and time. 
The compound-specific ratios of amino acids (AAs) are of 
particular interest in shark foraging ecology because they 
provide useful information on the TP and foraging patterns 
of high-level predators. 

For the purposes of TP calculation, AAs are divided 
into two categories: trophic AAs and source AAs. The 6°N 
ratios of trophic AAs fractionate significantly with each 
consumer level, but source AAs undergo minimal frac- 
tionation and retain the 5'°N ratio of the original baseline 
dietary source (Chikaraishi et al., 2009; McClelland and 
Montoya, 2002). This is because each type of AA has unique 
governing metabolic processes. Unlike trophic AAs, source 
AA nitrogens are not interchangeable with the metabolic 
pool, so source 6°N ratios will be similar to the original 
dietary AAs (O’Connell, 2017). As a result, trophic AAs are 
an excellent proxy with which to measure trophic position, 
and source AAs can be used to identify the 6'°N sources at 
the base of the food web. Bulk isotope analysis normally 
provides a 6'°N ratio that is an average of these two AAs, 
but by measuring each AA separately it is possible to cal- 
culate the TP of an individual without knowing the external 
isotope values of baseline organisms (Lorrain et al., 2009; 
McMahon and McCarthy, 2016). CSIA trophic position can 
be calculated as follows: 


TPesra= 1+ (OPNraa _ 5!Ngaa) = B/AISN (TAA-SAA) 
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where TPs, is the trophic position of the sample; 5°N7,,4 
and dN, are the 6°N of the trophic and source AA, 
respectively; f is the isotopic difference between the tro- 
phic and source AA in the primary producer; and APNira,. 
saa) 18 the trophic discrimination factor for the trophic AA 
(Chikaraishi et al., 2009). In general, trophic AAs are repre- 
sented by glutamic acid (Glu) and source AAs are represented 
by phenylalanine (Phe). 

Trophic and source AAs can also be used to differenti- 
ate the effects of trophic enrichment and enriched baseline 
55N sources on shark tissue ratios. Dale et al. (2011) used 
a combination of stomach content, bulk, and CSIA to study 
the foraging habits of the brown stingray (Dasyatis lata) in 
a coastal nursery. The nursery receives large volumes of 
64N-enriched wastewater from local human settlements, 
but as D. lata grow they move farther away from shore 
and away from these facilities. Bulk SIA indicated that 
d55N declined with size. Taken at face value, this would 
indicate that D. lata TP strangely decreased with ontogeny. 
Site-specific CSIA told a very different story. Juvenile D. 
lata within the bay had enriched source AAs as a result 
of enriched 8'°N wastewater entering the area. Larger D. 
lata in offshore areas assimilated 6'°N from relatively 
depleted oceanic food webs and therefore had much lower 
source AA ratios. CSIA TP indicated that, in fact, D. lata 
TP increased with size, and average bulk isotope trends 
were the product of anthropogenic exposure to wastewater 
effluent. 

Compound-specific stable isotope analysis of 5'°C is also 
a highly valuable tool in diet reconstruction. In this case, 
AAs are divided into two categories: essential and non- 
essential. Because essential AAs can only be synthesized 
by primary producers and bacteria (Borman et al., 1946; 
Reeds, 2000), consumers must obtain essential AAs from 
their diet. As a result, essential AAs are directly integrated 
into animal tissues with minimal fractionation (Howland 
et al., 2003; McMahon et al., 2010). In addition, individual 
essential AAs have unique and highly variable 5'°C ratios 
across different species; therefore, not unlike FAA, species- 
specific 6'C ratios of essential AAs can be used to profile 
or fingerprint specific primary producers, food webs, and 
foraging locations (Larsen et al., 2009; McMahon et al., 
2016). Where bulk analysis can differentiate broad resource 
categories (Abrantes and Barnett, 2011; Borrell et al., 2011; 
MacNeill et al., 2005), CSIA 5C has the potential to dis- 
tinguish primary producers among a wide range of species. 
Thus, essential AAs can be used to more precisely identify 
the producers and food webs that support consumer popula- 
tions (Arthur et al., 2014; Larsen et al., 2013). It is important 
to note that FA CSIA of 6'°C has also been used to identify 
consumer carbon sources and resource partitioning (Oxtoby 
et al., 2016), but FA CSIA methods are in their infancy 
compared to AA CSIA and have not yet been successfully 
applied to elasmobranchs. 


Similar to bulk 65N calculations, CSIA TP calculations 
can be confounded by poorly resolved DTDFs. The stan- 
dard B value for 6!°Ngy-8'°N,n. TP calculations is 7.6%o, but 
recent research has shown that B is affected both by diet 
quality and mode of nitrogen excretion (Germain et al., 
2013; McMahon et al., 2015), so B is highly variable among 
taxa and between trophic levels (McMahon and McCarthy, 
2016). Moreover, few labs are currently equipped to perform 
these analyses, which is also more labor intensive, time con- 
suming, and expensive than bulk analysis. For these reasons, 
although CSIA can be incredibly useful in shark ecological 
research, a pragmatic preliminary strategy may be to first 
determine bulk isotope ratios and preserve some samples for 
compound-specific analysis if needed. 


1.6 SUMMARY AND CONCLUSIONS 


Sharks are notoriously elusive and difficult to capture in 
high numbers, and without the help of expensive techno- 
logical aids it can be extremely difficult to directly observe 
and monitor their behavior in the wild. Biomarker analy- 
sis provides an affordable way to study the movement and 
diet of sharks over variable timeframes and across vast 
oceanic expanses. A range of analytical platforms have 
made biomarker analysis intuitive and accessible (Jackson 
et al., 2011), and at the same time our understanding of 
stable isotope and fatty acid environmental dynamics is 
becoming increasingly refined. Although it was not explic- 
itly explored in this chapter, biomarker analysis is also a 
useful complementary technique that can be used to sup- 
port tracking or visual data (Matich and Heithaus, 2014; 
Papastamatiou et al., 2010). Thus, biomarker analysis is 
primed to become an important staple of shark ecological 
research. Stable isotope analysis will likely continue to be 
the preferred technique in shark biological studies because 
specific applications are currently more well developed, 
and in general there is a better understanding of stable iso- 
tope assimilation throughout the food web. However, the 
detailed results that fatty acid analysis can provide will no 
doubt lead to significant breakthroughs in the field of for- 
aging ecology, and it will likely be a focal component of 
future shark ecological research. 

Unfortunately, shark-specific biomarker dynamics are 
still poorly understood relative to other taxa. Elasmobranchs 
are also not ideal subjects for most biomarker applications. 
Long isotopic turnover times and wide foraging ranges cur- 
rently exclude sharks from more specific interpretations. The 
good news is these limitations provide us with boundless 
opportunities for creative solutions and discoveries as we seek 
to fill the knowledge gaps in shark biochemical processes. 
Techniques such as CSIA will also help us to overcome tradi- 
tional roadblocks and may pave the way toward a more accu- 
rate and meaningful understanding of shark foraging ecology. 
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2.1. INTRODUCTION 


Arguably the most profound truth about fishes (including 
sharks and rays) is that they grow in length (and weight) 
throughout their life (Froese, 2006; Hoenig and Gruber, 
1990). This is so obvious that we rarely stop to think what 
this means for the ecology of fishes; however, the implica- 
tions of this truth for understanding how sharks and rays fit 
into communities and ecosystems are often ignored, poten- 
tially to the detriment of the field. The latest trend in ecology 
is framing biodiversity value in terms of ecological func- 
tion (Cernansky, 2017). In this approach, species names are 
substituted with their traits (mined from databases), and the 
outliers in ecological functional space are identified through 
multivariate analysis (Violle et al., 2017). Further, we often 
describe ecosystems as food webs and develop graphs of spe- 
cies (nodes) connected by a web of feeding relationships or 


interactions (Paine, 1980). But, does it make sense to assign 
a single trait value, such as trophic level, to a species such as 
a tiger shark (Galeocerdo cuvier) that might grow two orders 
of magnitude in length and three orders of magnitude in 
weight—from 51 cm total length and about 2 to 3 kg at birth 
to a maximum length of over 550 cm and a weight of 800 kg? 

Given the ontogenetic change in size over a lifetime, does 
it make sense to represent the feeding links or interaction 
strengths of the species as a whole? It is easy to forget that 
these ecological interaction patterns are underlain by distri- 
butions of abundance and biomass (Cohen et al., 2003) and by 
ontogenetic change in diet, interaction strengths, trophic lev- 
els, movement patterns, and habitat use (Grubbs, 2010; Werner 
and Gilliam, 1984; Wetherbee et al., 2004). Understanding 
how diet, trophic level, and other traits such as home range 
and other movement metrics change ontogenetically is a key 
issue in vertebrate ecology (Simpfendorfer et al., 2011). This 
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chapter seeks to reveal how important size-based interactions 
might be for understanding the abundance, biomass, migra- 
tion, and aggregation of shark and ray populations. This chap- 
ter is not a comprehensive review but more of a perspective; 
indeed, we rely heavily on much more detailed work on diet 
biomarkers, migration, and movement (see Chapter 1). These 
are all technical areas with which we are less experienced, 
but we are more experienced with theories and concepts from 
a range of marine ecosystems and draw heavily from com- 
parative knowledge gained from other systems to highlight 
how a size-based perspective may well apply more broadly to 
understanding shark aggregation and migration. 

First, we briefly summarize evidence for changes in 
diet and trophic level with size, revealing transitions from 
one prey type to the next and increases in size and trophic 
level of prey which, in turn, lead to (mostly) increases in 
trophic level of their predators. We highlight the observa- 
tion that this appears to be related to allometric changes in 
gape dimensions and dentition (concurrent with changes in 
habitat use resulting from wider home ranges). 

Second, we consider why understanding and measur- 
ing ontogenetic changes in trophic level matter. This is 
illustrated by a quest to understand the baseline ecosystem 
state of sharks (and rays) and especially to understand the 
underlying processes that give rise to ecological patterns. 
Specifically, we focus on the inverted trophic pyramid of 
high shark abundance at remote, relatively pristine coral 
reefs and summarize the hypotheses that might have given 
rise to this pattern. In short, it turns out that when you rec- 
ognize that trophic pyramids are actually graphic represen- 
tations of size spectra theory, it becomes apparent that truly 
inverted pyramids at the community scale seem unlikely. 

Third, we return to ontogenetic, trophic-level relation- 
ships, because these can be used to understand a key param- 
eter: the predator-prey mass ratio (PPMR). We show how 
the slope of size spectra and the shape of ecological pyramids 
vary with PPMR and transfer efficiency (TE). It turns out that 
there is a relatively narrow range of PPMRs and TEs in the 
real world, and indeed there is strong evidence that they are 
compensatory, which in turn means that the typical shape of 
a biomass pyramid is just that—a pyramid. A pyramid can 
be inverted when the prey (or resources) are larger than their 
predators (or consumers) or when the ecological pyramid rep- 
resents an accumulation of energy from beyond the local area 
(i.e., is subsidized by energy from elsewhere) (Mourier et al., 
2016; Simpfendorfer and Heupel, 2016; Trebilco et al., 2016). 


2.2 ONTOGENETIC SHIFTS IN 
DIET AND TROPHIC LEVEL 


The widespread availability of diet data from fisheries anal- 
yses and the use of stable isotopes as an indicator of food 
carbon source (5!°C) and trophic level (5!°N) (see Chapter 1) 


have provided profound insights into the structuring of (tele- 
ost-dominated) fish communities (Jennings et al., 2008a,b; 
Reum et al., 2015). For example, it is increasingly accepted 
that trophic level is not an invariant species trait. Much of 
the pioneering work was undertaken in the North Sea. For 
this ecosystem, when the trophic level of fishes (indexed by 
SN of white muscle tissue) is plotted against the maximum 
reported length or mass of each species, there is no relation- 
ship (Jennings et al., 2001). In contrast, when the trophic lev- 
els of individuals of those same species are plotted against 
their individual sizes we see strong allometry, such that, with 
few exceptions, there are positive relationships, with larger 
individuals feeding at higher trophic positions (Jennings et 
al., 2002a; Polunin and Pinnegar, 2002). These contrasting 
patterns at the individual vs. species level compellingly illus- 
trate how trophic level depends not only on species identity 
but also on the size of the individual. The pattern for strong 
relationships between individual size and trophic position 
is by no means unique to the North Sea (e.g., Barnes et al., 
2010; Trebilco et al., 2016) and is apparent even when trophic 
level is assigned using diet data, especially for taxonomically 
defined subsets (Cortés, 1999; Ebert and Bizzarro, 2007). 

This body-size—trophic-level relationship is likely 
to be (at least partly) a result of the allometry in increas- 
ing gape dimensions as individuals grow (Mittelbach and 
Persson, 1998; Pinnegar et al., 2003; Romanuk et al., 2011; 
Wainwright and Richard, 1995). Hence, trophic level is not a 
species trait per se; rather, these among-species differences 
belie (and mask) intraspecific allometry in trophic level, and 
trophic level is the interaction of species size and identity 
(Reecht et al., 2013; Romanuk et al., 2011). Are similar pat- 
terns evident in sharks and rays? 

We searched the literature for combinations of topic 
terms, including “ontogenetic,” “diet,” “trophic level,’ and 
“shark,” and worked forward from key references (e.g., 
Grubbs, 2010; Heithaus, 2010; Wetherbee et al., 2004). 
With few exceptions, it appears that almost every analysis 
examined for sharks and rays reveals diet shifts generally 
consistent with an increase in trophic level with individual 
size. Hence, our working hypothesis is that, as a general rule 
for sharks and rays, mean prey mass is related to individual 
predator mass, and generally this is likely to be a positive 
relationship, particularly for piscivorous species (Jennings 
and van der Molen, 2015; Revill et al., 2009). We caution 
that there will be exceptions and that negative relationships 
do exist, particularly for low-trophic-level sharks that transi- 
tion from one habitat to another or for wide-ranging sharks 
feeding across ecosystems with spatially varying isotopic 
signatures (Revill et al., 2009). However, where ontogenetic 
changes in trophic level have been systematically evaluated, 
positive relationships are eight times more prevalent than 
negative body-size—trophic-level relationships and tend to 
be strongest in species that are piscivorous at some stage of 
their life (Jennings and van der Molen, 2015). 
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2.2.1 Diet Data Examples 

Within a location, and hence at a place with a wide range of 
prey types and sizes, different-sized sharks of the same spe- 
cies are likely to differ intraspecifically in mean trophic level 
due to differences in diet that arise from allometric changes 
in gape size and dentition (ontogenetic heterodonty). Broad 
transitions in diet composition have been documented; for 
example, juvenile tiger sharks (Galeocerdo cuvier) eat fishes, 
cephalopods, and sea snakes but adults eat more elasmo- 
branchs, turtles, and dugongs (Simpfendorfer et al., 2001). 
These changes can be abrupt rather than gradual. The white 
shark (Carcharodon carcharias) transitions from consum- 
ing fish to consuming predominantly marine mammals at a 
total length of around 300 cm (Klimley, 1985; Tricas, 1984). 

Dietary analyses are usually conducted on individuals 
captured by trawl or longline. If lethal sampling is chosen, 
the stomachs are dissected out whole, preserved in alcohol 
or formalin, and then returned to the laboratory for analysis 
(Hyslop, 1980). In the laboratory, the stomach contents are 
emptied into white trays and sorted into recognizable prey 
body parts, identified using catalogs and field guides, before 
enumeration and weighing. Stomach eversion or flushing is 
a suitable nonlethal method for obtaining stomach contents. 
The shark or ray is everted and placed ventral side up on 
a fine mesh cloth, both to protect the animal and to retain 
any food that is inadvertently spilled during the procedure 
(Bangley et al., 2013; Elston et al., 2016). The stomach can be 
everted with the careful use of forceps, the contents washed 
out, and the stomach reinserted. Alternatively, a small-bore 
tube (say, 1.5 to 3 cm in diameter, depending on the size of 
the chondrichthyan) can be inserted into the buccal cavity 
and esophagus until resistance is encountered at the gastro- 
esophageal sphincter. The hose is gently manipulated into 
the stomach for a few centimeters, and the stomach is then 
filled with seawater using the deck hose (Bangley et al., 
2013) or a submersible electric (bilge) pump (Barnett et al., 
2010; Elston et al., 2016). Throughout the process, the stom- 
ach region on the ventral is watched carefully for signs of 
expansion, whereupon the hose is removed. Gentle massage 
of the abdomen and elevation of the tail while supporting 
the animal in a head-down position causes the water to flush 
out food items. These can be captured in a mesh sample bag 
for preservation, labeling, and delivery to a laboratory for 
analysis (Bangley et al., 2013). 

One of the best quantified examples comes from Port 
Jackson shark (Heterodontus portusjacksoni) individuals 
sampled in broadly the same habitat (Powter et al., 2010). 
The diet of the Port Jackson shark differs by size between 
juveniles and adults, and there is little difference in diet 
between the sexes (Figure 2.1A—C). Juveniles and subadults 
have mainly tricuspidate teeth and consume soft-bodied 
infaunal and epifaunal invertebrates (Echiura, Decopoda, 
and Gastropoda). Mouths are narrow in juveniles and 


subadults and broaden in adults (Figure 2.1D—F) because of 
faster growth of mouth length (slope = 0.026 + 0.003 with 
total length) relative to mouth width (slope = 0.14 + 0.009), 
and there is very little difference in jaw morphology between 
the sexes (Figure 2.1C). Most of the variance in jaw length 
and width is determined by size allometry rather than sex or 
maturity stage (Box 2.1; Table 2.1). The adults have larger, 
broader heads and broader gape (relative to body length) to 
accommodate posterior molariform teeth that enable them 
to eat a greater fraction of hard-shelled decapods (Figure 
2.1D-—F). In addition, they also consume larger, higher tro- 
phic level octopus, squids, and flatfishes. Based on the diet 
classification of Cortés (1999), the relative compositions of 
five diet classes were converted into trophic level estimates 
for each of the three maturity stages. Consequently, there is 
an increase of approximately half a trophic level in mean 
trophic level of different sized individuals (e.g., juvenile tro- 
phic level of 3.66 and adult trophic level of 4.05) (Powter et 
al., 2010). 


2.2.2 Stable Isotope Examples 


Stable isotopes of nitrogen (6°N) and carbon (6'C) are 
commonly used to infer trophic position and carbon source, 
respectively, in two dimensions (C and N) of the focal ani- 
mal relative to samples from the base of the ecosystem (see 
Chapter 1). Stable isotope analysis generally requires soft 
tissue, and, unless blood, muscle, or fin clips are used, the 
method tends to focus on tissue samples from major organs, 
so individuals may have to be euthanized. Because differ- 
ent tissues have different turnover rates, the stable isotope 
signature of each tissue reflects diet integrated over differing 
windows of time (Pinnegar and Polunin, 1999). Nonlethally 
sampled blood plasma or lethally sampled liver tissue can be 
used for stable isotopic analysis of diet and trophic position, 
but these fast turnover tissues tend to reflect the most recent 
diet history—say, over recent days or weeks—whereas a tis- 
sue with a slow turnover time, such as white or red muscle 
tissue, integrates the dietary signal over weeks to months 
(Pinnegar and Polunin, 1999, 2000). White muscle tissue is 
most often used; a small portion is dissected out, labeled, and 
packaged (e.g., in an Eppendorf tube). In the laboratory, the 
sample is oven- or freeze-dried before being ground using 
a washed pestle and mortar. A small sample (1 mg) is then 
weighed into a tin capsule for determination of stable isotope 
signature by mass spectrometry (Post et al., 2007; Shiffman 
et al., 2012). 

As explained in Chapter | of this volume, the position 
of a given consumer along the carbon axis provides an 
indication of the relative contribution of different carbon 
sources, whereas position on the nitrogen axis is an index 
of the relative height of the consumer above the base of the 
food chain. Converting relative trophic positions from 6'°N 
signatures to absolute trophic level requires information on 
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Figure 2.1 Ontogenetic change in gape shape (mouth length [mm] and mouth width [mm]) in the Port Jackson shark (Heterodontus por- 
tusjacksoni) for (A) females and (B) males, and (C, insert plot) with both sexes together to show the absence of a difference 
between the sexes. Jaws and teeth of (D) 390-mm female juvenile, (E) 655-mm male subadult, and (F) 905-mm LT male adult 
H. portusjacksoni. Note the reduction in cusps on the anterior teeth and increase in crushing posterior teeth with maturity. 
Scale bar = 10 mm. (Data and photographs from Powter, D.M. et al., Mar. Freshw. Res., 61, 74-85, 2010.) 


both the isotopic baseline of the ecosystem and the rate at 
which 6°N becomes enriched with each trophic step (the 
trophic enrichment factor). To a first approximation, 5!°N is 
enriched by about 3 to 3.4 parts per thousand (per mill, %c) 
per trophic level, and there is growing appreciation that this 
rate is not fixed (as was widely assumed for almost 30 years) 
but instead reduces in size for larger values of 5!°N (Hussey 
et al., 2014; Olive et al., 2003). Critically, it must be borne 
in mind that 6'°N is not a direct measure of trophic level 
and can only be used as an indicator of trophic level relative 
to the 6'°N of basal food sources (e.g., phytoplankton, kelp, 
primary herbivores such as filter-feeding scallops) (Jennings 
et al., 2008a; Jennings and Warr, 2003), and isotopic base- 
line may vary with temperature and salinity (Jennings and 
van der Molen, 2015) and degree of nitrogen regeneration 
(Revill et al., 2009). Moreover, if a consumer is supported 


by multiple distinct production pathways, each having dif- 
ferent isotopic baselines, estimation of absolute trophic level 
may only be possible using mixing models (see Chapter 1). 
Finally, spatial (and temporal seasonal) variation in prey 
composition and isotopic composition may influence a 
predator isotopic signature (Reum and Essington, 2013), the 
magnitude of which depends on the lifespan of the consumer 
and the rate at which changes in the isotopic composition of 
the diet affect the composition of the tissue being considered 
(tissue turnover time). 

Here, we consider the lessons from two large-scale sta- 
ble isotope analyses of pelagic fish assemblages including 
chondrichthyans—one in the western Indian Ocean off east- 
ern Madagascar and the other in the western Pacific Ocean 
off eastern Australia. Off eastern Madagascar, Kiska et al. 
(2015) sampled carbon and nitrogen stable isotopes from 92 
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The oceanic pelagic studies show that it can be difficult 
to detect patterns of interest unless spatial scale can be 
controlled for. There are two ways to overcome this—one 
is difficult and expensive, and the other is imperfect, free, 
and quick. The difficult approach is to develop isoscapes 
of a wide range of prey items and use that to control for 
the natural variation in the 6!°N or trophic level of poten- 
tial prey items (Jennings and Warr, 2003a). 

This is an exciting but expensive technology-driven 
solution and one that should be pursued for large eco- 
system analyses. But, for graduate students with a more 
limited time horizon and budget, a simpler statistical 
approach can make use of the data you have. We rec- 
ommend that you do not simply rely on correlation or 
univariate models, as these will tend to give false nega- 
tives with small sample sizes. Instead, we suggest using 
general linear models with geographic covariates (e.g., 
latitude and longitude) and other oceanographic attri- 
butes (e.g., temperature, salinity, ocean color metrics) in 
your model. 

We recommend the R statistical programming lan- 
guage, as it is open access with a wide range of excellent 
resources (Zuur et al., 2010, 2013), so we offer both math- 
ematical and R code below as examples. For the sake of 
simplicity, we have only described basic linear models 
including only “fixed effects” in these examples; how- 
ever, in many cases hierarchical (“mixed effects”) mod- 
els may be suited to the analysis of these data, which are 
commonly hierarchical and nested (e.g., Trebilco et al., 
2016). We do not delve into these methods here as they 
fall within the realm of statistics texts, but we encourage 
readers to consider these approaches. 

Note that most stable isotope analyses are univariate: 


SN = By + B,;Mass 


where f, is the intercept term and B, is the slope. In R 
model notation, 


55N ~ Mass 


In R code, this would be 


1m(615N ~ Mass, data = yourdata) 
This approach ignores that part of the variance attrib- 


uted to mass might actually be accounted for by other 


BOX 2.1 STATISTICAL APPROACHES TO 
DETECTING ONTOGENETIC SHIFTS IN TROPHIC 
LEVEL AT LARGE SPATIAL SCALES 


variables that have yet to be considered. Following the 
example of Revill et al. (2009), we suggest using avail- 
able spatial covariates: 


O5N = By + B,Mass + B,Longitude + B,Longitude 


In R code, this would be 


1m(o15N ~ Mass+Latitude+Longitude, 
data = yourdata) 


This will provide an estimate of the strength of the 
mass or ontogenetic effect while controlling for loca- 
tion (latitude and longitude). Sometimes ecosystems do 
not vary along a north-south or east-west axis, so there 
might be an interaction between latitude and longitude: 


ODN = By + B,Mass + B,Longitude x B,Longitude 
In R code, this would be 


1m(615N ~ Mass+Latitude*Longitude, 
data = yourdata) 


In more complex, but not implausible situations, the 
size distribution of the species of interest may vary across 
the ocean basin in a manner that might be related to food 
chain length and primary production, resulting in a three- 
way interaction between mass and location: 


OPN = By + B,Mass x B,Longitude x B,Longitude 
In R code, this would be 


1m(615N ~ Mass*Latitude*Longitude, 
data = yourdata) 


All hypotheses should be considered and the most 
plausible evaluated using the Akaike information cri- 
terion (AIC); most like the small sample size version 
(AICc) (e.g., as implemented by the AICc function in R 
package AlCcmodavg::AICc). 

How much data are required to detect ontogenetic 
changes in a trophic level? As a rule of thumb, 10 data 
points are needed to estimate a parameter, so a total of 20 
data points should be adequate to estimate an intercept 
and a slope parameter for a single explanatory variable. 
Hence, 30 would be needed for 2 parameters, 40 for 3, etc. 
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Table 2.1 Variance Is Explained by Size, Sex, and Maturity Stage 


Proportion 
Degrees of Sum of of Variance 
Freedom Squares Explained F-Value p-Value 
Total length 1 2485.59 0.896 629.0514 <2.2¢e-16*** 
1 10.62 0.004 2.6878 0.106824 
Maturity stage 2 60.65 0.022 7.6741 0.001149** 
Residual 55 217.32 0.078 = _— 


= 2774.18 = = = 


Note: This example is drawn from the Port Jackson shark (Heterodontus portusjacksoni) jaw 


morphology data presented in Powter et al. (2010). The procedure is to fit a linear 
model accounting for total length, sex, and maturity stage—mod1 < —1m(MouthLength 
~ TotalLength + Sex + Maturity)—and then examine the ANOVA table to 
decompose the variance explained by each covariate (anova[mod1]). The variance 
explained by each covariate is the regression sum of squares (2485.9 + 10.62 + 
60.65), and the remaining unexplained variance is the residual sum of squares 
(217.32). The proportion of variance explained by each covariate (column 4) is simply 
the sum of squares divided by the total sum of squares; these elements must be cal- 
culated by hand. Here, we can see that the overwhelming bulk of the variance (89.6%) 
is explained by total length; although maturity stage is statistically significant, it is not 
biologically significant, as it explains around 2% of the variance in these data. Two-way 
and three-way interactions between and among covariates could be considered within 
the limitations imposed by data availability. As a rule of thumb, about 10 data points are 
required to estimate each parameter. Here, we are estimating five parameters: inter- 
cept, total length, sex, and two more to account for the three-level factor maturity 
(adult, juvenile, subadult). Note that R deals with factor levels alphabetically; thus, the 
parameter estimate of “MaturityJuvenile” and MaturitySubadult” are departures from 
the “Intercept” parameter, which is, by default, calculated for the “MaturityAdult” stage. 
More complex general methods of decomposing variance, such as isotopic composi- 
tion, by season, sex, and location can be found in Reum and Essington (2013). **p < 


0.01; ***p < 0.001. 


individuals of 7 species of oceanic pelagic sharks over an 
area spanning 15° latitude and 25° longitude. They found 
significant positive relationships between nitrogen stable 
isotope concentration (6'°N) and fork length for the blue 
shark (Prionace glauca), the species for which they had the 
greatest number of samples (1 = 31) and the greatest size 
range of samples (109 cm, ranging from 160 to 269 cm FL). 
Obtaining sufficient samples across a broad body size range 
is not the only problem in recovering the expected pattern; 
the Kiska team also sampled 29 shortfin mako (/surus oxy- 
rinchus) spanning 182 cm (122 to 304 cm FL) but did not 
find a significant relationship. There was great heterogeneity 
in these relationships; for example, for blue sharks with 200 
cm FL, observations of 5!°N differed by at least 4 parts per 
thousand (%o). Assuming that these sharks were feeding on 
the same food source, this could be interpreted as the trophic 
level of 200-cm FL blue shark varying by over one trophic 
level across the southwest Indian Ocean (see central panel 
in Figure 7 of Kiska et al., 2015). This is implausible, and 
Kiszka et al. explained that, “The large intraspecies varia- 
tion in 65N ... [is] potentially related to variable regional 
prey bases and the migratory nature of these animals.” 
Further insight was revealed by sampling across ocean 
ecosystem boundaries in eastern Australia. Based on stable 
isotope analyses of 244 predator and 115 prey samples from 
24 species, including 6 species of pelagic shark and ray, 
Revill et al. (2009) revealed strong positive interspecific fork 
length and 6°N relationships. The five largest species were 


striped marlin, southern bluefin tuna, shortfin mako shark, 
and blue shark. The shortfin mako had the highest 6'°N, with 
mean values ranging from 9%o to 16%co—spanning almost 
two trophic levels if the critical assumption of a common 
isotopic base signature across these ecosystems were valid. 
Like the Kiszka et al. (2015) study, the within-species pat- 
terns were more heterogeneous than the cross-species pat- 
terns; the study was plagued by small sample sizes and a 
wide latitudinal and longitudinal range in sample locations 
and ecosystem types (see Box 2.1). 

The explanation is revealed once we understand that the 
eastern Australian pelagic assemblage was sampled across 
two contrasting ecosystems: the oligotrophic Coral Sea in 
the north and the nutrient-rich Tasman Sea in the south 
(Revill et al., 2009). The carbon and nitrogen isotope signa- 
tures of the predator assemblage varied such that the nitro- 
gen signature was depleted (lower) in animals captured in 
the oligotrophic Coral Sea (<28°S; see Figure 7 of Revill 
et al., 2009). This was not because those animals fed at a 
lower trophic level, but because the basal 6'°N signature was 
4%o lower (6%c) in the oligotrophic Coral Sea north of the 
Tasman front compared to 10%c in the upwelling nutrient- 
rich waters farther south. The nitrogen isotopic signature of 
the phytoplankton depends heavily on the form of biologi- 
cally available nitrogen. The oligotrophic waters are rich in 
nitrite (NO;) due to nutrient regeneration, and this results 
in depleted 5'°N values at higher trophic levels compared to 
nutrient-rich waters (Revill et al., 2009). 
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In conclusion, available evidence appears to support the 
null expectation that mean trophic level is positively related 
to body size within (and across) shark and ray species. When 
an allometric relationship is not supported by the data it is 
usually because of one of four reasons: (1) there are too 
few data; (2) data may not span a sufficiently larger range 
of body sizes; (3) wide-ranging foraging across different 
ecosystems and hence 6!°N isoscapes of primary producers 
may mask any signals of ontogenetic diet and trophic level 
shifts (Jennings and Warr, 2003; MacKenzie et al., 2014); 
and (4) species may not be sufficiently piscivorous (Jennings 
and van der Molen, 2015). Now we set aside ontogenetic diet 
shifts and transition to summarize a major controversy in 
our understanding of the structure of ecosystems and specifi- 
cally the baseline shape of ecological pyramids. However, as 
will become clear, these fundamental underlying patterns in 
the relationship between trophic level and body size within 
and across species have important bearing on expectations 
for the shape of ecological pyramids. 


2.3 ECOSYSTEM BASELINES AND THE 
SHAPE OF TROPHIC PYRAMIDS 


Ecological pyramids have been used to summarize key 
patterns in abundance or biomass with size or trophic 
level for nearly a century (Figure 2.2). In a quest to under- 
stand the ecosystem effects of fishing, underwater visual 
censuses (UVCs) of coral reef fish populations revealed 
high shark abundance and biomass at remote Pacific reefs 
(DeMartini et al., 2008; Friedlander and DeMartini, 2002; 
Sandin et al., 2008). The key finding was that top preda- 
tors comprised the largest fraction of total fish biomass— 
an estimated 85% at the uninhabited Kingman Atoll but 
only 19% at the inhabited Kiritimati Island (Sandin et al., 
2008). These values equate to 100,000 to 500,000 individ- 
uals per km?. Specifically, sharks comprised 74% of the 
top predator biomass (329 g/m’) at Kingman and 57% at 
Palmyra (97 g/m). These figures have encountered some 
controversy in the literature, and one proposed explana- 
tion is that the census method was at fault, specifically that 
non-instantaneous counts may have led to overestimation 
of large, mobile predatory fish (Ward-Paige et al., 2010). 
Indeed, subsequent work using mark-—recapture and 
other survey methodologies that tend to overcount sharks 
suggests that shark abundance was considerably over- 
estimated in these first studies due to non-instantaneous 
census estimates (Bradley et al., 2017; Ward-Paige et al., 
2010). Mark-recapture estimates of the gray reef shark 
over a wider range of habitats across Palmyra revealed 
densities of around 21 individuals per km?, compared to 
UVC estimates of 200 to 1000 individuals per km? implied 
by the original Sandin et al. (2008) survey of fringing reef 
habitat (Bradley et al., 2017). From this mark—recapture 
analysis, the authors go on to estimate that the abundance 


of top predators is 56% lower than previously reported by 
Sandin et al. (2008). Nevertheless, the revised estimates 
suggest that top predators comprise just under half of the 
censuses biomass, which is still a staggeringly large frac- 
tion of standing biomass. 

The question remains as to why there are such high 
abundances of sharks, and relatively inverted pyramids, at 
relatively uninhabited Pacific atolls and whether inverted 
pyramids are a plausible expectation for unexploited ecosys- 
tems. The explanation offered for the existence of an inverted 
pyramid was that the turnover time of predators was much 
lower than that of their prey (Sandin et al., 2008). This is 
an observation rather than an explanation; as we show next, 
turnover time is correlated with everything else and is a pre- 
dictable outcome of fundamental metabolic scaling rather 
than acting as the underlying driver (Trebilco et al., 2013). 

If one sampled an instantaneous snapshot of the ocean, 
the biomass of predators would be much greater than the 
biomass of phytoplankton. However, if sampling is inte- 
grated across the annual production cycle, then the bio- 
mass of phytoplankton and zooplankton (in temperate 
shelf seas) or the biomass of coral tissue, epiphytic algae, 
and zooplankton (in coral reefs) will be orders of magni- 
tudes greater than the biomass of the predators. The differ- 
ence between the inverted instantaneous snapshot and the 
time-integrated, bottom-heavy pyramid is that production 
(production-to-biomass ratio, or P/M) or turnover scales 
as a result of the scaling of abundance and biomass with 
body size (Banse and Mosher, 1980). Indeed, within a tro- 
phic level, the amount of energy available (£) is constant 
across size (mass, M) classes because of the physical law 
of the conservation of energy. But, because large things are 
rare and have long generation spans and hence slow turn- 
over times, there is a strong size structuring in abundance 
and biomass across mass classes, such that abundance (NV) 
scales with mass class (M) as a power law, where a is a 
constant and the exponent tends to scale in quarter powers 
(Brown and Gillooly, 2003; Savage et al., 2004): 


N= aM->34 or —0.75 
(big things are rare) 


and biomass (B) scales with mass as 


B= aM'4 or 0.25 
(there is a high-standing biomass of large organisms) 


Consequently, the production-to-biomass ratio (P/M), or 
turnover or generation time, scales with mass as 


P/M = aM-'4 er -0.25 
Hence, the turnover production-to-biomass ratio is a cor- 


related or emergent phenomenon, rather than the cause of 
inverted pyramids, per se. 


32 


SHARK RESEARCH: EMERGING TECHNOLOGIES AND APPLICATIONS FOR THE FIELD AND LABORATORY 


Size Rane Number of individuals 
inmm (A) 
0 500 1000 
TC = 155 
Das ) C=11 
H =37 
P = 800 
Silver Springs, Florida 
ee Bilh C=0.01 
H = 37 H=0.8 
P = 703 P = 470 
Coral Reef, Eniwetok Atoll Old Field, Georgia 
C=4 = 23 
H=11 ts = 122 32 Zoplankton 1 
P=98 P-170 ' and bottom fauna ' 
18 phytoplankton 4 
Unfertilized Fertilized Long Island Sound English Channel 


Weber Lake, Wisconsin 


Biomass (log kCal/m7) 


(B) 

verre Georges Bank 
---- North Sea 
— Browns Bank 
--- Lake Michigan 
--- Lake Superior 
—-— Pacific Gyre 
---- Inland lakes 


Body 


mass (log kCal) 
(C) 


Figure 2.2 Classic examples of ecological pyramids and size spectra: (A) an Eltonian pyramid of numbers of forest-floor fauna of a 


Panama rainforest (redrawn from Williams, 1941) 


; (B) Biomass pyramids for several ecosystems arranged by trophic level 


(g/m?; P = producers, H = herbivores, C = carnivores, TC = top carnivores, D = decomposers) (redrawn from Odum and 
Odum, 1955); (C) biomass spectra for pelagic ecosystems based on summary mean points for phytoplankton, zooplankton, 
benthos, and fish (redrawn from Boudreau and Dickie, 1992). In particular, note the consistent slopes across a wide range of 
ecosystems; the height or intercept of each spectrum is related to primary production, such that the highest slopes have the 


highest primary productivity. 
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These patterns are true only within a trophic level (Brown 
and Gillooly, 2003; Jennings and Mackinson, 2003; Trebilco 
et al., 2013). In order to describe ecosystem energy flow and 
the shape of ecological pyramids, we need the theory to span 
more than one trophic level. Specifically, we need to account 
for the transfer efficiency (TE) of energy between trophic 
levels, which requires a parameter to capture the relative dif- 
ferences in sizes of organisms at different trophic levels: the 
predator—prey mass ratio (PPMR) (Jennings et al., 2002b). 

Now, the scaling of energy (£), abundance (N), biomass 
(B), and production (P/M) can be depreciated by adding a 
term to convert body size to trophic level (PPMR) and then 
depreciating the amount of energy flowing from one trophic 
level to the next (TE), yielding: 


E = aM ox(TE\ilog(PPMR) 
N = aM-25 % Mlox(TEyilog(PPMR) 
B = aM & Mox(7Ey/log(PPMR) 


P/M = aM-°.25 x Mleog(TE)/log(PPMR) 


But, how do these equations relate to ecological pyra- 
mids? Charles Elton originally conceived of size-based pyra- 
mids with abundance varying with organism size (Elton, 
1927). It was only later that Raymond Lindeman simplified 
this by ignoring size and focusing only on categorical trophic 
levels (Lindeman, 1942; Trebilco et al., 2013). Nearly every 
ecology textbook portrays ecological pyramids as numbers 
at trophic levels; consequently, we have largely forgotten that 
Elton’s view was that size (and the allometry of diet composi- 
tion) was the ultimate causality for varying abundance and in 
turn biomass and production, rather than categorical trophic 
level (Trebilco et al., 2013). The only way we can convert 
from Lindeman’s stepped trophic pyramids back to the more 
useful Eltonian ecological pyramids is if we know the rela- 
tionship between trophic level and body size (i.e., PPMR). 

A simple, powerful visual translation shows that size 
spectra are the underlying mathematical basis for ecological 
pyramids (Figure 2.3). The recipe for converting between 
the trophic pyramid of biomass or numbers and size spectra 
is as follows: 


1. Left align pyramid of biomass or numbers. 

2. Rotate axes counterclockwise by 90° so that size (mass) 
is on the x-axis and numbers (or biomass) are on the 
y-axis. 

. Flip the graph so the y-axis is on the left. 

4. Log graph to convert the hollow curve of a negative 

exponential relationship to reveal a linear slope (this lin- 
ear relationship is also known as size spectrum). 


1S) 


Size spectra have intrigued aquatic ecologists for over 
half a century, but they have largely been overlooked by ter- 
restrial ecologists (Andersen et al., 2016; Blanchard et al., 
2017; Trebilco et al., 2013). The profound implication is that 


Body mass (M) or 
trophic level (TL) 


Abundance (N) 


SB 


(2) 


(4) 


log(N) 


log(M) 


Figure 2.3 Ecological pyramids are a graphical representation 
of a size spectrum; hence, it follows that the mathe- 
matics underlying the size spectrum determines the 
shape of pyramid shape (Trebilco et al., 2013). 


all those terrestrial ecosystems for which we have trophic 
pyramids have dynamics and interactions that are mostly size 
based rather than species based. The emerging evidence is 
beginning to reveal size spectra in a range of terrestrial eco- 
systems (Hocking et al., 2013; Reuman et al., 2008; Turnbull 
et al., 2013). Yet, the language and use of metaphors such as 
“food web” and “trophic pyramid” are species-centric and 
cause us to overlook critical size-based processes such as the 
key role of ontogenetic diet change, mean prey size, and the 
functional role of individuals within species. 

2.3.1 Predator—Prey Mass Ratio and the 
Shape of Ecological Pyramids 


The slopes of size spectra and shape of ecological pyramids 
fundamentally depend on understanding the relative size of 
prey that predators eat (PPMR) and the transfer efficiency 
(TE) between trophic levels. Earlier in this chapter, we 
established the nearly universal generality of ontogenetic 
shifts in feeding morphology, diet, and trophic level. We then 
established the importance of understanding and measuring 
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PPMR in order to understand the shape of ecological pyra- 
mids. Here, we get into the technical detail of measuring 
PPMR and evaluating plausible ranges of PPMR and hence 
the plausible shapes of ecological pyramids. Later, we ask 
whether inverted pyramids are likely in the wild and under 
what conditions they might arise. 

Until recently our understanding of trophic level 
focused on the classical natural history of enumerating the 
contents of stomachs. There are numerous well-understood 
issues with stomach content analyses: Most shark stomachs 
are empty for analysis; if prey are present, stomach con- 
tents can be regurgitated on capture; prey are digested at 
different rates; and a large number of animals is required 
(Cortés, 1997; Polunin and Pinnegar, 2002). The wide- 
spread availability of stable isotope analyses based on 6°N 
has expanded our understanding of trophic feeding relation- 
ships, but these methods are not without assumptions and 
issues. Because numerous reviews have summarized their 
value and utility while flagging their assumptions (e.g., 
Fry, 2007; Hussey et al., 2012; Jennings et al., 2008a), here 
we focus instead on estimating the PPMRs of species and 
whole communities. The sampling is challenging and time 
consuming but often probably no more challenging than a 
large diet study; however, one must consider the additional 
cost of stable isotope analysis. 

Measuring species-specific PPMRs requires estimates of 
trophic level across a size range of individuals of a species 
(ideally within the same ecosystem). Trophic level can be esti- 
mated from the taxonomic composition of diet, notwithstand- 
ing some of the challenges of this approach (Cortés, 1997; 
Polunin and Pinnegar, 2002), or stable isotope analysis. The 
PPMR can be calculated from the slope coefficient (B) of a 
regression of trophic level (response) on log body size. Hence, 
PPMR = n®) if trophic level is calculated based on diet. If tro- 
phic level is measured using 6°N, then PPMR = nn“), where 
A is the fractionation of 6'°N (typically assumed to be 3.4%o), 
B is the slope estimate, and n is the base of the logarithm; that 
is, n = 10 if the x-axis is log,)(body size), and n = 2 if a base of 
log, is used (Jennings, 2005; Jennings et al., 2008a). 

The principal challenges to estimating community PPMR 
are twofold. First, an estimate of the relative numbers of indi- 
viduals of a given size is needed (i.e., one must generate a 
size spectrum). Second, an estimate of mean trophic level at 
size is needed. Size spectra are simply the numbers or bio- 
mass of animals in a given size class (Figure 2.4A,B). These 
are most often estimated using trawl surveys but can also 
be calculated from underwater visual census (UVC) counts 
taken by scuba divers in coral reefs and kelp forests (Trebilco 
et al., 2015), typically using log, size class bins (2-4 g, 4-8 g, 
8-16 g, 16-32 g, ...), as these give more data points along the 
x-axis than log), bins (I-10 g, 10-100 g, 100-1000 g, ...) with 
which to estimate model parameters (Jennings, 2005). With 
trawl surveys, the individuals in each catch can simply be 
weighed and sorted into trays and buckets of the correspond- 
ing log, size range (Figure 2.4A). With UVC, fish cannot be 


weighed, but it is straightforward to train even the most inex- 
perienced divers to estimate length to within 5-cm (ideally, 
l-cm) length increments using a training set of plastic fish 
models of known length (Bell et al., 1985; Darwall and Dulvy, 
1996; Dulvy et al., 2004; Edgar et al., 2004). Individuals can 
be trained to a consistent standard within a couple of dives. 
Individual fish lengths can be converted to mass estimates 
using species-, genus-, or even family-specific length-weight 
equations from FishBase and primary publications (Froese, 
2006; Letourneur et al., 1998). 

Both trawl and UVC approaches have a size window 
of good catchability (depending on mesh size, tow speeds, 
etc.) or visual detectability, which may depend on body 
size, schooling behavior, and human population density 
(Ackerman and Bellwood, 2000; Kulbicki, 1998; MacNeil et 
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Figure 2.4 A typical size spectrum from the flatfish-dominated 
shallow southern North Sea: (A) The catch of a 
30-minute tow of a 4-m beam trawl would be sorted 
into trays spanning each log, size class from left-to- 
right top row (256-512 g, 128-256 g, 64-128 g) and 
from left-to-right bottom row (32-64 g, 16-32 g, 8-16 
g, 4-8 g). (B) A nearly complete size spectrum from 
the same haul; note that the smallest size class was 
truncated. The slope is illustrated, along with the 
approximate predator-prey mass ratio and implied 
transfer efficiency (Jennings and Mackinson, 2003). 
(Photographs by N.K. Dulvy.) 
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al., 2008b). The bigger challenge is getting density estimates 
for large wide-ranging, high-trophic-level species to add 
onto the right-hand side of the UVC or trawl size spectrum. 
Density estimates of species poorly selected by sampling 
gear have been added onto spectra, typically in units of mass 
per unit area (e.g., g/m?). For example, fishes are well sam- 
pled by otter or large beam trawls, but infauna, epifauna, and 
small pelagic fishes are better sampled with benthic trawls, 
cores, dredges, and acoustic sampling to provide appropriate 
biomass at size estimates (Jennings et al., 2002a,b). Clearly, 
UVC estimates of sharks have to be used with great cau- 
tion, and indeed most early coral reef UVC work ignored 
sharks because of the well-known problems in surveying 
large-bodied species (Bradley et al., 2017; MacNeil et al., 
2008a,b; Ward-Paige et al., 2010). Baited remote underwater 
videos (BRUVs) can provide relative abundance as the max- 
imum numbers seen per unit time (maxN), and at present it 
is not clear how to convert these values into usable density 
estimates (g/m?) (see Chapter 7). Mark—recapture estimates 
may be useable, and their utility should be considered fur- 
ther if resources allow (Bradley et al., 2017; McCauley et 
al., 2012a). 

The mean trophic level of a community is calculated as 
mean 6N weighted by the biomass of the contribution of 
each species to each mass class. The simplest way to do this 
from a community sample (say, a trawl haul) is by sampling 
tissue from 20 to 25 individuals (or all individuals if fewer 
than 20 were caught) chosen at random from each size frac- 
tion. For each individual fish, white muscle tissue is dissected 
out as a fixed percentage of the mass of each fish sampled (a 
typical dissection scheme is provided in Table | of Jennings 
et al., 2001). For each size class, the tissue for all fish can 
then be homogenized together and frozen before being 
returned to the laboratory for freeze-drying and encapsula- 
tion for stable isotope analysis. If sufficient funds are avail- 
able for stable isotope analysis, it may be more desirable to 
separately analyze samples for individual fish, an approach 
that has the added advantage of enabling the reconstruction 
of species-level allometries in addition to the community 
relationship. This process is considerably easier for trawl- 
caught samples for which both size spectra and 6'°N—body 
size relationships can be calculated for the same sample. For 
coral reefs and kelp forests, it is possible to calculate spe- 
cies-level 6'°N—body size relationships from samples taken 
by hook and line and spear fishing (Pinnegar and Polunin, 
2000). These can be scaled up to provide a community-level 
PPMR estimate using a hierarchical model such as a mixed 
effects model that accounts for samples from different spe- 
cies and locations (see Trebilco et al., 2016). 

When we have biomass B at body mass class M and cor- 
responding estimates of trophic level from stable isotope data 
we can calculate the PPMR and TE. Community-wide PPMR 
can be calculated from the slope of the regression relationship 
between biomass weighted mean 6'°N and log” mass class M, 
where 77 is the base of the logarithm of the body mass classes 


(solid line in Figure 2.5C). Thus, PPMR = n“”), where A 
is the fractionation of 6°N (typically assumed to be 3.4%) 
and b is the slope estimate (Jennings, 2005; Jennings et al., 
2008a). Although fractionation has typically been assumed 
to be fixed in this calculation, to calculate the PPMR we 
would encourage testing the sensitivity of the estimate of this 
assumption and/or adopting a scaled-fractionation approach 
to estimating trophic position and then calculating PPMR 
as PPMR = nn“), where b* is the slope of the relationship 
between the biomass weighted trophic position (calculated 
from 6°N, accounting for scaled fractionation) and body 
mass class (following Reum et al., 2015). 

Transfer efficiency is typically 5 to 15% and can be mea- 
sured as the proportion of prey production converted into 
predator production: TE = predator production/prey produc- 
tion. The challenge is to convert biomass B of each mass class 
M into individual biomass production (P/M), which can be 
achieved using the relationship P/M = aM~°>, where a is 
a constant. Typical values for a can be derived from pub- 
lished production-at-mass compilations (Banse and Mosher, 
1980; Brey, 1999; Brose et al., 2006; Green et al., 2014, 2015; 
Lorenzen, 1996). However, because of the sensitivity to this 
scaling, it has been typical to assume plausible TEs (Jennings 
et al., 2008a). Nevertheless, the collection of more empirical 
P/M information will be valuable for chondrichthyans. 

Now that we have some insight into the technical mea- 
surement, what are plausible ecological pyramid shapes 
given what we know about PPMR and TE? Clearly, esti- 
mates of PPMR and TE for whole fish communities are 
rare but are increasingly available for a broadening range 
of ecosystems (Reum et al., 2015). Assuming that fraction- 
ation of the nitrogen stable isotope (A!°N) is constant, then 
community-wide PPMR estimates across four ecosystems 
range from 111 to 8981; that is, predators are between 100 
and 10,000 heavier than their prey, as has broadly been 
understood for nearly half a century now (Cushing, 1975). 
This PPMR range narrows considerably to 49 to 312 when 
the fixed fractionation assumption is relaxed and instead 
fractionation varies depending on the 6'°N of the prey (P) 
according to the relationship APN = 5.92 — 0.27P (Hussey 
et al., 2014; Reum et al., 2015). Assuming plausible transfer 
efficiencies and the known range of PPMRs, we can map the 
corresponding pyramid sizes using the following equation: 


B= aM?-5 x Moa(TE)log(PPMR) 


In assemblages of the smallest organisms, such as zoo- 
plankton, PPMR is low (<1000) and TE is high (~15%). For 
larger size classes at higher trophic levels, PPMR tends to be 
greater (>5000) because TE is low (5%) (Barnes et al., 2010). 
Hence, the smaller sized lower trophic level assemblages 
tend to exhibit biomass “stacks,” where there is a similar 
biomass in each trophic level (box s in Figure 2.6), whereas 
at greater body sizes and higher trophic levels (encompass- 
ing squids and fishes) the biomass pyramids will always be 
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Figure 2.5 (A) The biomass spectrum of a kelp forest in Haida Gwaii, British Columbia, Canada, from underwater visual surveys; (B) size 
ranges observed for individual species in visual surveys (colored shaded regions) and sampled for isotope analysis (points) 
relative to Amax (from FishBase, gray bars); and (C) the relationship between 5'5N, a proxy for trophic position, and body size 
for the kelp forest fish community. Dark gray lines in panels (A) and (C) represent the mean mixed-effect model fit for each 
model (across locations for (A) and across both locations and species for (C)), and gray bands indicate 95% confidence 


intervals in (A) and Bayesian 95% credible intervals i 


n (C) about the mean fits. Light gray lines in (A) and colored lines in 


(C) represent random effect fits for location and species, respectively. Colors and shapes of points are used to distinguish 
among species and are consistent between panels (B) and (C); species that were observed on transects but not sampled for 
isotope analysis are gray in panel (B). Gray shaded regions in (B) and (C) indicate body sizes outside the range included in 
(A). (Redrawn from Trebilco, R. et al., Proc. R. Soc. Lond. B Biol. Sci., 283, 20160816, 2016.) 


base-larger-than-apex pyramids rather than inverted pyramids 
(Trebilco et al., 2013, 2016). The range of plausible PPMR and 
TE is very narrowly bounded and may even be compensa- 
tory such that TE = PPMR**°75, where B is the slope of the 


time-averaged size spectrum (Barnes et al., 2010). The plau- 
sible space for an inverted pyramid lies above the solid yel- 
low line, but this space is inconsistent with plausible TE and 
PPMR estimates (Trebilco et al., 2016). In conclusion, what 
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Figure 2.6 Expected biomass spectrum slopes (contours and red/blue shading in top panels) resulting from varying combinations of 


mean community predator-prey mass ratio (PPMR) and transfer efficiency (TE), shown with reference to the probability 
density distribution of estimated PPMRs for the reef fish community of Haida Gwaii, British Columbia, Canada (bottom 
panel). The top right panel shows scenarios with predators larger than prey (PPMR > 1); the top left panel shows scenarios 
with consumers smaller than resources (0 < CRMR < 1). Positive slopes (red area) correspond to inverted biomass pyramids 
(represented by triangles labeled i), negative slopes (blue area) correspond to bottom-heavy pyramids (triangle labeled b), 
and zero slopes imply stacks/columns (rectangle labeled s). Yellow shading lines indicate the range of slopes corresponding 
to the 95% confidence bounds around the empirically estimated biomass spectrum slope of 0.45 (solid yellow line). Right 
vertical axis shows TEs derived from marine food web models (n = 48, mean = 0.101, s.d. = 0.058). Shaded bands represent 
5% quantile increments between 5% and 95% for TE and PPMR, and the black cross-hair indicates the highest probability 
for both distributions (PPMR = 1650, TE = 0.101). (Redrawn from Trebilco, R. et al., Proc. R. Soc. Lond. B Biol. Sci., 283, 


20160816, 2016.) 


we know about how TE and PPMR constrain energy flow 
through communities suggests that if sharks are (1) indeed 
size-based predators (which the evidence supports) and (2) not 
operating with a much higher trophic transfer efficiency than 
is currently considered feasible, then inverted pyramids are 
energetically impossible in most local marine ecosystems. 
But why do we still see high-standing biomass of sharks 
and other large predators, consistent with inverted pyra- 
mids, in remote, relatively unexploited ecosystems, such as 
the Kingman and Palmyra atolls and French Polynesia? We 
hypothesize that, in short, these fishes are aggregations of 
individuals that have skimmed energy off the tops of many 
nearby local pyramids. They have accumulated biomass 
either by foraging widely outside the time window encom- 
passed by surveys (Heupel et al., 2014; Trebilco et al., 2013) 
or by accumulating energy from elsewhere that has come 


to them (Mourier et al., 2016; Simpfendorfer and Heupel, 
2016). Next, we seek to understand the two natural and well- 
documented shark phenomena of migration and aggregation 
through size-based interactions and energy flow. 


2.4 MIGRATION AND AGGREGATION 
THROUGH THE LENS OF SIZE-BASED 
INTERACTIONS AND ENERGY FLOW 


The past two decades of technological development have 
provided deep insights into the movement patterns of sharks 
and rays, revealing wide-ranging patterns spanning ecosys- 
tems and ocean basins (Heupel et al., 2015; Simpfendorfer 
and Heupel, 2004; Sims, 2010). Why do they move so far? 
Simply put, the emerging evidence reveals that there just is 
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not enough energy at the top of any one ecological pyra- 
mid to sustain locally viable populations of top predators 
(Heupel et al., 2014; Hussey et al., 2014, 2015). 

Marine food chains are longer than we thought, meaning 
there must be much less energy at the tips of local pyramids. 
Recall that transfer efficiencies are such that each succes- 
sively higher trophic level has only approximately 10% of 
the biomass of the one below, constraining food chains to 
be only around four steps. A recent meta-analysis of feeding 
experiments where predatory fishes are fed prey of known 
isotopic composition confirms that the fractionation of 6'°N 
is not fixed at 3.4%c and instead is negatively related to 6°N 
of the prey (P) according to the relationship APN = 5.92 — 
0.27P (Hussey et al., 2014). Hence, fractionation narrows by 
0.27 units for each increase in prey 6!°N at higher trophic 
levels. Consequently, the energy available to sharks and other 
high-trophic-level species is likely to be | to 2 orders of mag- 
nitude lower because they are | to 2 trophic levels higher 
(assuming TE is around 10% at high trophic levels). This 
means that population sizes of apex shark species may be far 
smaller than we might have previously thought (Hussey et 
al., 2014). The consequence is that larger individuals and spe- 
cies, which feed at increasingly higher trophic levels, cannot 
be sustained within an exclusive territory of a size that can be 
defended and hence must share territory and foraging areas 
with other individuals (Jetz et al., 2004). 

Modeling of mammal home ranges reveals that exclu- 
sivity of home range size decreases with animal size; thus, 
only the smallest animals (feeding at low trophic levels) can 
defend a territory that is sufficiently large enough to meet 
their daily energetic requirements (Jetz et al., 2004). As indi- 
viduals grow larger they must range more widely and have 
less exclusive use of habitat. They must share their range 
with increasingly larger numbers of similar-sized animals. 
Energy availability, more generally, is the principal deter- 
minant of vertebrate home ranges (Tamburello et al., 2015). 
Hence, larger animals must range increasingly widely and 
skim off higher trophic level prey from an increasing number 
of ecological pyramids (Grubbs, 2010; Heupel et al., 2014; 
Tamburello et al., 2015). The key determinants of vertebrate 
home range size are body mass, locomotion mode (flying, 
walking, slithering, swimming), and dimensionality (living 
in two or three dimensions—swimming/flying) (Tamburello 
et al., 2015). Theory suggests that the predator-prey mass 
ratio should influence home range (Makarieva et al., 2005), 
and, although there are fewer data on PPMRs, the addition 
of this parameter significantly improves a model of home 
range size such that, all other variables being equal, a larger 
home range size is necessary when relatively larger prey are 
consumed (Tamburello et al., 2015). This pattern has been 
increasingly established for most other vertebrates, but the 
role of ontogenetic diet shift and trophic level change in driv- 
ing increasingly large home ranges is only just now being 
revealed in fishes (Grubbs, 2010; Pittman and McAlpine, 
2003; Tamburello et al., 2015). 


2.4.1 Predator—Prey Mass Ratio, Ontogenetic 


Diet Shift, and Home Range Size 


Because most non-fish vertebrates can hold down and frag- 
ment large prey, the predator-prey mass ratio is small in 
predatory mammals (median PPMR, 8:1; range, 0.3 to 
200:1) and can even be inverted in social mammals (PPMR 
< 1), where sociality enables pack-hunting lions and wolves 
to bring down prey much larger than themselves (Jetz et al., 
2004). Trophic level has a profound effect on movement. For 
example, a 1-kg predatory mammal requires a home range 
14 times greater than herbivorous mammals of the same 
size (Tamburello et al., 2015). By comparison to mammals 
and birds, teleost (and presumably chondrichthyan) fishes 
have small PPMRs. This is because few fishes—except eels 
and scavenging or ectoparasitic sharks—can fragment their 
prey, so generally their prey must be captured and swallowed 
whole (Romanuk et al., 2011; Tamburello et al., 2015). Prey 
larger than the gape dimensions have to be discarded and 
such predation events are probably strongly selected against. 
But, because fish prey are often so much smaller (maybe 100 
to 1000 times smaller) than the predators, they are numerous 
and highly productive. Hence, a |-kg fish need not move far 
to meet its daily needs compared to a similar sized mammal. 
Indeed, a 1-kg predatory marine fish typically has a home 
range one order of magnitude smaller than that of a similar 
sized mammalian predator (Tamburello et al., 2015). 

The prediction is that sharks (and rays) are likely to have 
shallow allometries of home range (and other movement 
metrics) because they are similarly gape-limited predators 
like teleost fishes. Extending PPMR movement theory to 
larger organisms will depend heavily on the development 
of new metrics of space use (Table 2.2). Because of the 
reduction in exclusivity of home range use with increasing 
body size, the utility of enclosed measures of space use will 
become increasingly irrelevant for the largest, most wide- 
ranging individuals and species. What, for example, is the 
home range of a whale shark, white shark, or tiger shark 
(Grubbs, 2010; Heupel et al., 2015)? Clearly, new metrics are 
necessary to track the allometry of space use, such as power 
law relationships of the frequency of movement step lengths 
(Sims, 2010; Sims et al., 2008). 

2.4.2 “Wall of Mouths” and Why 
Do Sharks Aggregate? 


Aggregations of sharks are increasingly documented and 
the associated dive tourism operations derive signifi- 
cant economic benefit from such aggregations (Cisneros- 
Montemayor et al., 2013; Gallagher and Hammerschlag, 
2011; O’Malley et al., 2013). Indeed, our ability to tag rare, 
wide-ranging animals relies on this aggregation phenom- 
enon but may yield a biased view of their behavioral ecol- 
ogy (Stewart et al., 2016). Why do aggregations occur? This 
is clearly a phenomenon worthy of study, yet appears to be 
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Table 2.2 Research Needs in Ontogenetic Diet, Trophic Level, and Movement Analyses 


Research Scale 


Within-species 


Research Questions 


Does dentition change continuously or nonlinearly with ontogeny? 


Does diet, trophic, or stable isotope composition change continuously or nonlinearly with ontogeny? 
Is the change in dentition related to the change in diet, trophic, or stable isotope composition with ontogeny? 
How much variance in diet, stable isotope composition, or trophic level is due to size, sex, season, or location (Reum 


and Essington, 2013)? 


How prevalent are positive body-size—-trophic-level relationships in chondrichthyans (Jennings and van der Molen, 2015)? 
Do only (partially or entirely) piscivorous chondrichthyans exhibit a positive body-size—trophic-level relationship 


(Jennings and van der Molen, 2015)? 


Do larger species have a steeper body-size—trophic-level relationship and greater PPMR (Barnes et al., 2010)? 


Is steepness of body-size—trophic-level relationship (PPMR) related to increasing home ranges (and other movement 
metrics) in chondrichthyans (Tamburello et al., 2015)? 


Multi-species and 
community-wide 


How much variation is there within vs. among species in the body-size—trophic-level relationship? 
What is the PPMR of fish communities with a significant chondrichthyan biomass? Does that PPMR differ significantly 


from the narrow reported range (scaled estimate of 49 to 316) (Reum et al., 2015)? 
At what spatial and temporal scales must ecosystems be studied to fully encompass the biomass pyramids of which 


chondrichthyans are members? 


How significant is the planktonic “wall of mouths” subsidy to a local fish community with a significant chondrichthyan 


biomass (Hamner et al., 1988)? 


How significant and prevalent is the subsidy to a local fish community with a significant chondrichthyan biomass? 


incredibly understudied (Heyman et al., 2001; Wilson et al., 
2001). The size-based worldview has revealed that individu- 
als are constrained to range more widely because they are 
able to eat increasingly larger prey, which, in turn, ranges 
more widely (Grubbs, 2010). But, teleost prey fishes must 
eventually overcome the ontogenetic spreading dictated by 
their gape sizes and dietary needs. At some point, they need 
to come together at higher than expected densities to repro- 
duce (Sadovy de Mitcheson and Colin, 2011). 

The very nature of broadcast spawning in teleosts means 
that mating is rarely exclusive. The effective population sizes 
of broadcast spawning fishes suggest that success is rare; it is 
not unusual for only one-in-a-million such matings to result 
in a successful contribution to the next generation (Hare et 
al., 2011; Hutchings and Reynolds, 2004). As a consequence, 
competition to win this mating-ground lottery is fierce, and 
high densities of larger numbers of fishes appear routinely in 
oceanographically favorable locations (Choat, 2012; Molloy 
et al., 2012). These prey fishes arrive from far and wide, each 
embodying the energy from a faraway ecological pyramid, to 
release this energy as a subsidy at the spawning location. This 
subsidy is released in the form of gametes, eggs, and sperm, 
but also as their bodies, which are preyed upon by predators 
including aggregations of sharks and rays (Hartup et al., 2013; 
Heyman et al., 2001; Mourier et al., 2016). Superficially, these 
aggregations of sharks might appear to be an inverted pyra- 
mid, but the inversion of the pyramid is transient and caused 
by an energetic subsidy in the form of a superabundance of 
mating fishes in a spawning aggregation comprised of energy 
derived from beyond the local pyramid (Mourier et al., 2016). 

Energy subsidies resulting from animal migrations 
and aggregations are widely documented, not least in the 
salmon- and herring-fueled ecosystems of the Pacific 


Northwest. Each year, billions of Pacific salmon return to 
their natal streams as pink waves surfed upon by migrating 
and aggregating predators and decomposers (Armstrong et 
al., 2016). These include bears, wolves, and bald eagles that 
remove salmon from rivers and transport the carcasses into 
nearby forests, thus subsidizing the production of maggots 
(Hocking et al., 2013) and influencing the ecology of wood- 
land birds and the phenology of flowering plants (Hocking 
and Reynolds, 2011). It is intuitively obvious that Pacific 
salmon are inverting the ecological pyramids of streams by 
driving the regular cyclical aggregation of numerous species 
of top predators, but understanding these cyclical migratory 
aggregations in the oceans is much more difficult. 

We have two vignettes relevant to the role of energy sub- 
sidies and ecological pyramids in the oceans. One of the most 
striking and forgotten analyses of coral reef energetics is the 
phenomenon known as the “wall of mouths” (Hamner et al., 
1988). Much size-based interaction theory has been devel- 
oped in phytoplankton-fueled shelf sea ecosystems hosting 
the largest fisheries in the world. There, most of the energy 
comes from the pelagic phytoplankton pathway (Duarte and 
Cebrian, 1996), but there is a benthic pathway fueled by detri- 
tus or marine snow derived from the pelagic path. This energy 
is eventually captured by deposit-feeding epifaunal and infau- 
nal organisms that are preyed upon by fishes large enough to 
derive energy from and hence couple both the “fast” pelagic 
pathway and the “slow” benthic pathway (Blanchard et al., 
2011; Rooney et al., 2006). Reefs are different, in the sense 
that the large size and slow turnover time (P/M ratio) of the 
primary producers is more akin to terrestrial ecosystems in 
that the foundation species (corals, seagrasses, mangroves, 
kelps) are relatively large bodied and long lived compared to 
phytoplankton (Duarte and Cebrian, 1996). 
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We are familiar with primary production fueled by 
these large foundation species, but we seem to overlook 
that planktivorous fishes form a “wall of mouths” and strip 
incoming oceanic water of zooplankton, transfering it to and 
retaining it within the reef ecosystem (Hamner et al., 1988). 
The numbers are staggering. Approximately 500 individuals 
from 10 species of reef fish visually inspect each cubic meter 
of incoming water, stripping out 0.5 kg of zooplankton per 
linear meter of reef front per day (Hamner et al., 1988). A 
significant fraction (~86%) of gray reef shark (Carcharhinus 
amblyrhynchos) biomass is supported by off-reef pelagic 
resources at Palmyra Atoll (McCauley et al., 2012b). Less 
is known of oceanic subsidies to kelp reefs, but the scale 
of subsidy from herring spawn is only now being enumer- 
ated (Armstrong et al., 2016), and the inputs from zooplank- 
ton are also thought to be substantial. Theory suggests that 
pulsed subsidies, such as from waves of zooplankton, tend 
to accumulate in the largest size classes, which appear as an 
inverted pyramid when viewed as an instantaneous snapshot 
(Pope et al., 1994). For example, it was estimated that the 
biomass of the 1- to 2-kg size class of kelp forest fishes was 
four to five times greater than expected given the productiv- 
ity of the local ecological pyramid (Trebilco et al., 2016). 
The scale of this subsidy was measured, for the first time, 
by comparing the observed fish size structure against that 
expected from stable isotope estimates of community-wide 
PPMR. These subsidies have long been overlooked, and now 
that we have a methodology for measuring them and a theo- 
retical-conceptual framework for understanding them we 
expect they can provide profound insights into shark migra- 
tion and aggregation. 


2.4.3 Subsidies, Sharks, and Inverted Pyramids 


Large-scale oceanographic drivers underlie the scale of sub- 
sidies to reefs, which in turn influence the expectations of 
abundance and biomass of top predators. It has long been 
understood that, on coral reefs, (1) productivity is greater 
in nutrient-rich rather than nutrient-poor waters, (2) small 
islands with high reef perimeter-to-area ratios are more 
productive than larger island reefs, and (3) reefs with rich 
adjacent communities are more productive (Gove et al., 
2016; Polunin, 1996). Large-scale analyses of Pacific reefs 
are revealing that, in addition to human population density, 
local productivity (usually indexed by chlorophyll a concen- 
tration) is a critical determinant of fish biomass, particularly 
planktivores, secondary consumers, and piscivores (Nadon 
et al., 2012; Williams et al., 2015). Note the critical role of 
planktivores, suggesting the need to further explore the “wall 
of mouths” subsidy pathway (Hamner et al., 1988). It seems 
that the expected biomass of top predators is particularly 
high on some of the islands studied by Sandin et al. (2008), 
such as Kingman and Palmyra, not just because these islands 
are relatively unfished but because these islands have par- 
ticularly strong local oceanographic productivity (Williams 


et al., 2015). Hence, the relatively inverted pyramid and high 
biomass of top predators are a result of years of accumulated 
oceanic subsidy, stored in the abundance and biomass as a 
result of a “wall of mouths” type of subsidy. 


2.5 SUMMARY: SIZE ISN’T EVERYTHING BUT 
IS CENTRAL TO A NEW UNDERSTANDING 
OF ECOLOGICAL ROLES 


Sharks and rays grow indeterminately throughout their 
lives, with profound consequences for diet, trophic level, and 
movement ecology. As they grow, their dentition and gape 
dimensions change, enabling them to consume larger bod- 
ied prey. Consequently, their home ranges expand and their 
foraging movements extend. These patterns can be neatly 
encapsulated by the predator—prey mass ratio (PPMR), which 
can be measured by judicious nitrogen stable isotope analy- 
sis of individual species and whole communities. We suggest 
that the null expectation is for a positive relationship between 
trophic level and body size, the slope of which is a measure 
of PPMR. A likely explanation for departures from this 
expectation are the nuances of stable isotope analyses across 
widely varying isoscapes, and we have provided statistical 
suggestions for mitigating this issue (see Tables 2.1 and 2.2). 
The generality of these findings and hypotheses is far from 
determined, and a series of key single and multispecies ques- 
tions must be answered to determine the generality of the 
patterns and processes suggested in this chapter. 

The shape of ecological pyramids is determined by the 
PPMR, along with transfer efficiency (TE). The few avail- 
able community-wide measures of PPMR and available 
knowledge of transfer efficiency suggest that inverted pyra- 
mids dominated by a large standing biomass of sharks are 
implausible. The emerging evidence suggests that inverted 
pyramids arise from energetic subsidies, either from migra- 
tion or aggregations. Subsidies can be detected by com- 
paring the ecological pyramid shape (size spectra slope) 
of community samples with the expectations derived from 
community-wide measures of PPMR. Hence, PPMR and 
ontogenetic changes in diet and trophic level have profound 
effects on the behavior and ecology of individuals, popula- 
tions, communities, and ecosystems. 
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3.1. INTRODUCTION 


Defined broadly, biologging is any collection of data from 
one or more sensors using an animal-borne tag (Boyd et al., 
2004; Hooker et al., 2007). This term can be applied to a 
wide range of devices that have been used for over a century 
(Kooyman, 2004), and the past few decades have seen rapid 
expansion of the availability and application of these tools in 
the study of wild animals (e.g., Cooke et al., 2004a). Whereas 
many animal-borne tags transmit their data via satellite or 
acoustic signals, this chapter focuses primarily on instru- 
ments that store information to memory and must therefore 
be physically recovered in order to download their data. 
These devices, often referred to as biologgers, data loggers, 
or loggers for short, have been used for decades (e.g., Eckert 
and Eckert, 1986; Kooyman, 1965, 1966; Wilson and Bain, 
1984a,b) and were originally developed before transmission 
of data was possible (Kooyman, 2004). Today, biologgers 
are used to record high-resolution data, which cannot be eas- 
ily transmitted, to address an extremely diverse set of ques- 
tions (Payne et al., 2014). 

This chapter is not intended to be an exhaustive review 
of biologging research or devices (see Cooke et al., 2004a; 
Ropert-Coudert and Wilson, 2005; Wilson et al., 2015b) or 
their application to elasmobranchs (see Whitney et al., 2012). 
Instead, our intention is to highlight recent advances in order 
to provide a guide for investigators to review and select tech- 
nologies that are appropriate to address questions in their 
own research. We aim to help readers understand what types 
of data they can expect to obtain from these devices and 
what kind of questions these data can be used to address, as 
well as their limitations, so the chapter serves as a realistic 
guide to what works. 


3.2 SENSORS AND MEASURED PARAMETERS 


To understand the various questions that are currently being 
addressed with biologging devices, a brief overview of sen- 
sor technology is useful. Different biologging sensors vary 
not only in the data they collect but also in their range, pre- 
cision, minimum required sampling rate, and power and 
memory requirements; therefore, great care must be taken 
in selecting a device that is appropriate for the study species 
and research goals. 

Some of the first sensors used in biologgers for marine 
animals measured pressure and temperature (Kooyman, 
2004). These sensors are often combined together into 


one unit as temperature is used to correct and calibrate 
the pressure sensor to accurately measure depth. Although 
depth measurements can be collected at high frequency (at 
more than 10 times per second, or 10 Hz), a single sample 
every second or two (ie., 1 or 0.5 Hz) is usually sufficient 
to capture the rate of depth change exhibited by most elas- 
mobranchs (Wilson and Vandenabeele, 2012; Wilson et al., 
2008). In the late 1990s, researchers began placing motion- 
sensitive tags on animals (Brown et al., 2013; Davis et al., 
1999; Rutz and Hays, 2009; Wilson et al., 2015b; Yoda et 
al., 1999). These tags are comprised of at least one of three 
sensors: accelerometers to measure body acceleration, gyro- 
scopes to measure angular velocity, and magnetometers to 
measure magnetic fields (and hence direction relative to the 
Earth’s magnetic field). In more recent years, aided by their 
increased use in personal electronics, inertial measurement 
units have become ubiquitous and often have all three sen- 
sors, each measuring along three axes (Noda et al., 2014). 
To be useful in reconstructing information about movement 
of the animal, these sensors often need to record at high 
frequencies, meaning the loggers are relatively power con- 
sumptive and thus are usually battery limited; few current 
loggers are able to log high-resolution (>20 Hz) information 
from multiple sensors for more than a couple of weeks. 
Each of these three types of motion sensors provides 
a slightly different perspective on animal movement. 
Accelerometers measure the total body acceleration of an 
animal, comprised of both static acceleration, which is 
the constant acceleration due to gravity and can be used 
to infer animal pitch or posture and dynamic acceleration, 
which is due to the movements of the animal (e.g., Shepard 
et al., 2008a). These acceleration data provide a quanti- 
tative measure of the kinematics of an animal and have 
many applications, including classifying behaviors, esti- 
mating energy expenditure, and studying biomechanics. 
Gyroscopes, which measure angular or rotational velocity, 
can be paired with accelerometers to provide additional 
detail and accuracy in the estimation of kinematics of indi- 
vidual animals. Unlike accelerometers, these sensors mea- 
sure only the rotation of an animal and not its posture, and 
therefore allow for the unbiased estimation of the dynamic 
acceleration of an animal during unsteady motions. These 
sensors can be used to help accurately separate dynamic 
and static acceleration measured by accelerometers, pro- 
viding a better estimate of attitude and kinematics while 
also increasing the accuracy of behavioral classification 
(Noda et al., 2012, 2014). Magnetometers are also com- 
monly combined with accelerometers to provide more 
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detail on animal movements (Williams et al., 2017). 
Magnetometers provide information on the posture of an 
animal in reference to the orientation of the Earth’s mag- 
netic field. When this information is taken in the context of 
the pitch and roll of an animal measured by an accelerom- 
eter, these concurrent data can produce a compass head- 
ing and, when combined with an estimate of velocity, can 
be used to reconstruct the swimming paths of the animal, 
generally referred to as a pseudo-track. 

In addition to these three-dimensional motion sensors, 
swimming speed sensors have been integrated into many 
biologging packages. Modern versions of these sensors 
are comprised of two parts: (1) a freely rotating propeller 
(Muramoto et al., 2004, Nakamura et al., 2011; Watanabe 
et al., 2012) or flexible paddle (Shepard et al., 2008b), and 
usually (2) an optical or magnetic sensor that detects the 
movement of the propeller or paddle. Swimming speed sen- 
sors need to be oriented along the same axis as the swim- 
ming direction of the animal and have a clear path for water 
to flow through and move the propeller. Additionally, these 
sensors only provide accurate speed measurements across 
a discrete range of swimming speeds, and they poorly esti- 
mate speed when the animal is moving very slowly (e.g., 
<0.1 m/s) or very fast (e.g., >5 m/s) (Watanabe et al., 2012). 
Speed sensors are usually coupled with other three-dimen- 
sional motion sensors designed for short (days) deployments. 

For all of these motion sensors, it is essential for mea- 
surements to be sampled at a sufficient frequency to ren- 
der accurate behavioral data. Generally, the sampling rate 
should be at least double the frequency of the sinusoidal 
movements that make up the typical tailbeat or stride fre- 
quency of the animal (Nyquist frequency), and sampling 
at 5 to 10 times that rate is optimal (Ropert-Coudert and 
Wilson, 2005). For accelerometers, gyroscopes, and mag- 
netometers, many studies have chosen frequencies of 5 to 
40 Hz as effective sampling rates for elasmobranchs, with 
slower sampling rates producing results that may be more 
difficult to interpret. Some studies have recorded at higher 
rates (100 to 600 Hz) and have mainly been used to charac- 
terize rapid motions typical of foraging (Broell et al., 2013; 
Noda et al., 2014). However, these high sampling frequen- 
cies are unnecessary for many studies and can slow down 
analytical procedures and decrease tag battery and mem- 
ory life without producing significantly better results than 
sampling at 30 Hz (Broell et al., 2013). This is particularly 
the case for larger bodied animals such as most elasmo- 
branchs, which will generally produce smaller acceleration 
values and lower tailbeat frequencies than smaller fishes. 
Swimming speed, depth, and temperature sensors gener- 
ally sample at a lower frequency (<1 Hz) because most 
animals are unlikely to undergo dynamic changes in these 
parameters at more rapid rates, although there may be 
notable exceptions to this for some pelagic sharks, such as 
makos (Jsurus spp.). 


These sensors can provide a large amount of informa- 
tion on the behavior and movements of animals, but it can 
be difficult to accurately determine animal behaviors from 
sensor data alone, unless ground-truthing experiments 
are undertaken. To solve this problem, imaging sensors, 
including both still cameras and animal-borne video cam- 
eras (Rutz and Troscianko, 2013), have been increasingly 
used to provide context to other sensor data (Heithaus et 
al., 2001, 2002; Marshall et al., 2007; Payne et al., 2016a). 
Imaging sensors are useful tools but are also power and 
memory intensive compared to other sensors and of lim- 
ited use during periods of low light or poor visibility. As 
video loggers are increasingly well-integrated with motion 
sensors, the operation of the camera can be linked to the 
sensor data, selectively recording footage only during peri- 
ods of interest, thereby avoiding the recording of excessive 
amounts of video during periods of limited interest (Rutz 
et al., 2013; Jorgensen, pers. comm; see also Chapter 5 in 
this volume). 

In addition to the wide assortment of sensors that can 
quantify the behavior and environment in which animals 
operate, various sensors have also been developed to meet 
the challenging task of measuring physiological processes, 
including pH sensors (Papastamatiou and Lowe, 2004; 
Papastamatiou et al., 2007), impedance sensors (Meyer and 
Holland, 2012), and motility sensors (Papastamatiou et al., 
2007, 2015), to study the various aspects of digestive phys- 
iology as proxies of energy intake (reviewed in Whitney 
et al., 2012). Other sensors that log biopotentials include 
electrocardiograms (ECGs), electromyograms (EMGs), 
and electroencephalograms (EEGs) (Cooke et al., 2004b; 
Scharold et al., 1989; Vyssotski et al., 2006). These sensors 
can provide invaluable information on muscle function and 
heart rate, but it is important to note that obtaining clean 
signals over long periods (greater than hours) requires the 
sensor electrode to be placed subcutaneously (Cooke et al., 
2004b). 

Many other types of biologging sensors provide addi- 
tional context to animal behavior by describing an animal’s 
surrounding environment. These include oceanographic 
sensors, such as conductivity loggers to measure salinity 
(Luo et al., 2008), and dissolved oxygen sensors that can be 
particularly useful in studying species that dive deep and 
utilize the oxygen minimum layer (Coffey and Holland, 
2015). Acoustic transducers acting as animal-borne sonar 
(Lawson et al., 2015), passive acoustic recorders (Johnson 
and Tyack 2003; Meyer et al., 2007), or telemetry receiv- 
ers (Haulsee et al., 2016a) have also recently been incor- 
porated into biologging tags to help us understand more 
about the biotic environment and how animals interact 
with prey items or conspecifics. Despite the tremendous 
potential for the use of these types of sensors, many are 
still in developmental stages and have yet to achieve wide 
use in elasmobranchs. 
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3.3. FINE-SCALE BEHAVIORS 


One of the biggest advantages to the use of high-resolution 
biologgers is that they can provide the opportunity to move 
beyond locational telemetry and “observe” the in situ behav- 
iors of individuals. This is a particularly valuable tool for the 
study of elasmobranchs, as most species cannot be observed 
in the wild except when attracted by human-introduced bait 
or chum. To date, acceleration data loggers (ADLs) have 
proven to be one of the most useful devices for this purpose 
because they provide body movement data that can be used to 
quantify behavior and activity patterns, including fine-scale 
information on an animal’s tailbeat frequency and amplitude 
and body posture (reviewed in Whitney et al., 2012). 
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3.3.1 Diel Cycles of Activity 

Historically, changes in activity were inferred from either ver- 
tical or horizontal displacement through conventional (acous- 
tic or satellite) telemetry (e.g., Cartamil et al., 2010; Gruber et 
al., 1988; Sims et al., 2010; Sundstrom et al., 2001), but more 
subtle differences in activity went undetected. ADLs offer an 
opportunity to resolve such uncertainties due to their ability 
to clearly distinguish between periods of swimming or rest- 
ing (Figure 3.1) (Gleiss et al., 2009a; Whitney et al., 2007). 
Securely attaching ADLs to a shark not only can allow the 
activity state of the animals to be assessed but can also allow 
for examination of fine-scale tailbeat frequency and ampli- 
tude (Gleiss et al., 2009a), which can be used to distinguish 
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Figure 3.1 


(A) Raw, single-axis acceleration data from a gastrically inserted acceleration logger in a whitetip reef shark showing acceler- 


ation signature differences between active swimming and resting behavior. (B) Single-axis acceleration data from a 17.3-day 
deployment of an accelerometer externally tethered to a whitetip reef shark showing consistent nocturnal activity and mid-day 
resting. Grid lines represent midnight. (From Whitney, N.M. et al., Aquat. Living Resour., 20(4), 299-305, 2007.) 
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different types of swimming and resting (e.g., resting in a 
surge zone vs. calm water) (Whitney et al., 2010). Direct com- 
parisons of diel patterns in vertical movements (based on a 
depth sensor) and activity (based on acceleration data) have 
revealed that these can be strikingly different (Gleiss et al., 
2013, 2017a), cautioning against the use of depth data alone to 
infer activity rhythms. The incorporation of acceleration sen- 
sors into acoustic tags further increases the capacity to infer 
activity rhythms beyond diel patterns to include both seasonal 
and annual scales, as the lower resolution of these tags allows 
for longer deployments (Curtis et al., 2014; Murchie et al., 
2011; O’ Toole et al., 2011; Papastamatiou et al., 2015). 


3.3.2 Foraging and Feeding 


Energy gain is of prime importance to organisms, as it closely 
relates to growth and reproductive fitness. Subsequently, some 
of the most sought-after questions in ecology relate to where, 
when, and how individuals forage. Feeding events in some 
species of elasmobranchs are often associated with bursts of 
speed to capture prey items, potentially distinctive body pos- 
tures, and subsequent movements of the jaw and head as the 
prey item is consumed. Yet, simple identification of periods 
of high activity in the wild is unlikely to provide sufficient 
evidence of feeding, as these movements could also represent 
other behaviors such as predator avoidance or social interac- 
tions. Distinctive body movements associated with foraging 
behavior can sometimes be ground-truthed by feeding tagged 
animals under laboratory conditions, allowing potential feed- 
ing events to be extracted from wild data with greater cer- 
tainty. This has been done for several teleost species (Broell 
et al., 2013; Tanoue et al., 2012) and recently for lemon sharks 
(Brewster et al., 2018). Other studies have even been able to 
estimate prey type based on the acceleration signature during 
the capture event (Horie et al., 2017; Kawabata et al., 2014). 
Acceleration loggers or Hall sensors have also been deployed 
directly on the mouths of animals to sense the opening and 
closing movements of the jaw (Iwata et al., 2012; Makiguchi 
et al., 2012; Metcalfe et al., 2009; Wilson et al., 2002). 
Although these procedures hold great promise in determining 
the incidence and extent of foraging behavior, they have yet to 
be applied for this purpose in elasmobranchs. 

In addition to externally placed loggers, the larger body 
size of many elasmobranchs has permitted multiple loggers 
to be placed in their stomachs to monitor prey consumption 
and digestion. These include simple temperature loggers to 
detect the rapid influx of seawater during feeding in endo- 
thermic sharks and the following heat increment of feeding 
(Jorgensen et al., 2015; Sepulveda et al., 2004), which has 
been shown to correlate to meal size in a few select species 
(Whitlock et al., 2013; Wilson et al., 1992). 

Other loggers have been designed to monitor the changes 
in pH and the physical movement (motility) of the stomach 
during digestion. Immediately following ingestion, buff- 
ering of the stomach substantially raises pH. As the prey 


item is digested, the pH again begins to fall and the imped- 
ance within the stomach increases (Meyer and Holland, 
2012; Papastamatiou and Lowe, 2004; Papastamatiou et al., 
2007, 2015). By monitoring the amount of time it takes for 
these signals to return to baseline, meal size can be esti- 
mated. However, these methods require species-specific 
laboratory validations in order to understand the baseline 
variation in the measured parameters and the relationship 
between meal size and duration of digestion, and there may 
be issues with classifying prey consumed in rapid succession 
(Papastamatiou and Lowe, 2005). 


3.3.3 Reproductive Behavior 
and Social Interactions 


Biologgers can also provide insight into behaviors that are 
infrequent or difficult to observe directly, such as mating. 
Although mating behavior has been observed in relatively 
few elasmobranch species, there have been some consis- 
tently observed postural and movement patterns to this 
behavior across several species (Pratt and Carrier, 2001). 
Whitney et al. (2010) used direct observations of tagged ani- 
mals to validate acceleration data from mating nurse sharks 
(Ginglymostoma cirratum) and suggested aspects of depth 
and acceleration data that could be used to identify mating 
in other species even without direct validation. 

In addition to identifying individual acts of mating 
behavior, the development of various animal-borne proxim- 
ity transmitters or logger—transmitter hybrid tags (Guttridge 
et al., 2010; Holland et al., 2009) provides promise for 
understanding such animal social networks (e.g., Jacoby 
et al., 2012; Mourier et al., 2017; see also Chapter 18 in 
this volume). Social network data may provide important 
context for interpreting acceleration data (in cases of mat- 
ing, for instance). To date, acceleration data have been inte- 
grated into network analyses in a single study, which found 
that lemon sharks (Negaprion brevirostris) preferentially 
associated with conspecifics based on similarity or nonsim- 
ilarity of locomotor traits (Wilson et al., 2015a). The abil- 
ity to surgically implant archival proximity loggers into the 
abdominal cavity of animals and recover the loggers and 
data after periods of nearly a year also presents an excep- 
tional opportunity to study long-term associations between 
tagged conspecifics (Haulsee et al., 2016b). 

3.3.4 Identification of Rare or Novel Behaviors 

Applying biologging techniques to a new species or sys- 
tem very frequently reveals unanticipated, novel, or rare 
behaviors. Some unique behaviors recorded by accelerom- 
eters and other data-logging sensors are relatively straight- 
forward to identify, such as jumping behavior in a blacktip 
shark (Figure 3.2); however, even in this case it is difficult 
to say whether the animal actually broke the surface of the 
water, although this can be detected with a swim speed 
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Figure 3.2 Depth, body pitch, and lateral (tailbeat) acceleration from a blacktip shark in Florida outfitted with an acceleration data log- 
ger package (Whitmore et al., 2016) indicating putative jumping behavior. Putative jumps were visually identified as periods 
in which the individual displayed high pitch angles (>70°) and rapid ascents to the surface with high tailbeat frequency and 


amplitude. 


propeller (Watanabe et al., 2008), or whether it was pursu- 
ing prey, trying to dislodge its tag, or being pursued itself by 
a larger predator. Often these behaviors require some type 
of validation or additional context to confirm the activity 
the animal is engaged in from direct observation (Whitney 
et al., 2010), animal-borne cameras (Nakamura et al., 2015; 
Payne et al., 2016a; see also Chapter 5 in this volume), 
or extensive trials in a controlled setting (Brewster et al., 
2018). As an additional hurdle for these studies, validation 
techniques and high-resolution biologging in general are 
often temporally constrained to a period of days or weeks 
due to limited battery and memory capacity of the tags and 
thus may fail to detect behavior that occurs infrequently. 
Although the development of acoustic and satellite tags 
capable of transmitting acceleration and other sensor data 
shows tremendous promise for long-term monitoring, their 
use in detecting fine-scale behaviors is limited by the vol- 
ume of data that can be transmitted. 

Because the physics of data transmission from small 
platforms is unlikely to change in the near future, a more 
feasible development is onboard processing that detects 
and logs specific behaviors and then transmits a summary 
of events. However, in order for such unsupervised pro- 
cessing to be reliable, it would have to be based on an algo- 
rithm that was derived and validated using high-resolution 
data from a biologger. Thus, even though future datasets 
may include years’ worth of transmitted data reporting the 


number of feeding or mating events of an individual shark, 
those datasets will only be made possible by algorithms 
built on a foundation of short-term datasets from high-res- 
olution biologgers. 


3.4 BIOMECHANICS 


Locomotion is among the most energetically costly behav- 
iors vertebrates engage in, especially for the many ram-ven- 
tilating fishes that never cease swimming (Schmidt-Nielsen, 
1972). This substantial metabolic cost must be balanced by 
consumption, tightly linking locomotion to vital rates. Thus, 
understanding the incidence and extent of locomotion rep- 
resents a crucial aspect of studying the physiological ecol- 
ogy of this group of animals. Quantifying when and how 
fishes engage in locomotion has historically been difficult, 
with techniques such as electromyogram telemetry of aero- 
bic or anaerobic swimming muscle (Cooke et al., 2004b), 
mechanical tailbeat sensors (Lowe et al., 1998), or differen- 
tial pressure sensors (Webber et al., 2001) finding applica- 
tion in some taxa. None of these techniques has seen broad 
application, though, largely due to logistical constraints in 
applying them to a diverse group of animals. Conversely, 
accelerometers and associated motion sensors have seen 
rapid proliferation in the study of swimming energetics and 
kinematics, in both cartilaginous and bony fishes. 
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3.4.1. Lift and Drag and Its Role in Locomotion 
Many elasmobranchs use their lipid-rich, low-density liv- 
ers to provide substantial hydrostatic forces. Variable liver 
volumes and densities among different species, sexes, and 
time of year largely govern animal buoyancy (Bone and 
Roberts, 1969; Gleiss et al., 2015; Hussey et al., 2010). 
These differences in hydrostatic forces in turn are expected 
to impact locomotion, especially in those species that use 
a broad range of swimming depths, and these impacts can 
be observed using biologging devices. For example, biolog- 
ging data from a range of sharks have shown that epipelagic 
sharks are largely negatively buoyant and often use extended 
gliding during descents, whereas ascents are character- 
istic of greater locomotor effort (Figure 3.3) (Gleiss et al., 
2011a,b; Nakamura et al., 2011). 

This negative buoyancy of the majority of species of 
sharks has long been postulated to be a potential source 
of energy savings in elasmobranchs. Weihs (1973) pos- 
tulated that negative buoyancy should result in animals 
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interspersing gliding with active swimming during vertical 
movements, in turn reducing the mechanical power require- 
ments of swimming. The central idea in this theory is that 
undulatory movements of the tail increase drag by approxi- 
mately two- to threefold compared to a rigid, gliding body, 
as was recently demonstrated experimentally using digital 
particle image velocimetry (Floryan et al., 2017). Therefore, 
if sharks repeatedly dive and use gliding descents with 
shallow angles and marginally steeper active ascents, the 
mechanical cost of swimming may be reduced by as much 
as 50% (Weihs, 1973). 

Testing Weihs’ model was one of the first applica- 
tions of biologgers (specifically accelerometers) to study 
the kinematics of free-ranging sharks. Gleiss et al. (2011b) 
demonstrated that whale sharks glide almost exclusively on 
descent, and use diving geometries that minimize the cost 
of horizontal transport. In further support of Weihs’ model, 
Nakamura et al. (2015b) found that diving kinematics in 
deep-sea sharks, which are often slightly positively buoy- 
ant (Corner et al., 1969), show the reverse pattern. Here, 
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Figure 3.3 Gliding in buoyancy- or gravity-assisted locomotion has been found to be a common feature in vertebrate locomotion, includ- 


ing birds (A), seals (B and D), and sharks (C and E). Although locomotor activity is absent during phases of descent, phases 
of ascent include active tail or flipper beating. In positively buoyant sharks, the opposite is the case (Nakamura et al., 2015b). 
This behavior reduces the overall energetic costs of swimming and may be more energetically efficient than horizontal swim- 
ming in negatively buoyant fish, assuming that the individual is not neutrally buoyant (Weihs, 1973). (From Gleiss, A.C. et al., 
Nat. Commun., 2, 352, 2011.) 
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positive buoyancy allows sharks to glide while ascending, 
but they have to actively swim during descent. Collectively, 
these studies have shown that sharks glide while buoyancy 
assisted, which is a common feature of vertebrate locomo- 
tion (Gleiss et al., 2011a; Williams et al., 2000). However, 
there are some notable exceptions to this trend, as tiger 
sharks only glide intermittently during descent, failing to 
support Weihs’ model of energy conservation (losilevskii 
et al., 2012). This indicates that other factors, such as prey 
encounter, may shape the diving kinematics in this species. 
Recent evidence, however, cautions against the use of short- 
term biologger deployments to infer swimming kinematics. 
Whitney et al. (2016) demonstrated that the probability of 
descents being composed of glides is strongly influenced by 
time after release from capture. Following stressful capture 
by hook and line, sharks swam at elevated tailbeat frequen- 
cies for a number of hours, and this effect was most notice- 
able during descents. 

Biologging can effectively answer many questions in the 
field of biomechanics that traditional laboratory methods are 
unlikely to resolve, but, even more importantly, this suite 
of techniques also allows for the formulation and testing of 
novel hypotheses that arise from observations of the swim- 
ming kinematics of free-ranging individuals. For example, 
great hammerhead sharks (Sphyrna mokarran) were recently 
shown to swim for extended periods in a rolled manner, 
which is not the case for other carcharhiniformes (Figure 
3.4) (Payne et al., 2016a). Great hammerheads also feature 
some of the tallest dorsal fins in sharks, and the authors sub- 
sequently tested if rolled swimming would decrease induced 
drag to counteract negative buoyancy through the use of 
the dorsal fin as a lift-generating appendage. Wind-tunnel 
experiments on models of great hammerheads confirmed 
this prediction, and the authors suggest that the evolution 
of the tall dorsal fin for the unique maneuverability of ham- 
merheads has resulted in its use for this additional purpose 
(Payne et al., 2016a). Interestingly, the same sharks would 
resume swimming in a non-rolled manner once closer to the 
seabed, presumably as the ground effect provided additional 
lift, further supporting the notion that rolling increases the 
lift-to-drag ratio of this species. 


3.5 ENERGY EXPENDITURE 


Energy is the currency of all life (Brown and Sibly, 2006) 
and the rate at which animals expend it is a crucial com- 
ponent of biomechanics, physiology, and ecology. As such, 
quantifying the energetics of free-ranging animals in the 
wild is a valuable tool for studying elasmobranchs. Most 
previous methods of measuring field energetics, including 
doubly labeled water and heart-rate telemetry, are often 
unsuitable for use in fully aquatic animals (Butler et al., 
2004; Thorarenson et al., 1996; Whitney et al., 2012, but see 


Clark et al., 2010). Instead of these more traditional tech- 
niques, calibrating locomotory activity, such as tailbeat fre- 
quency (Lowe, 2001) or swimming speed (Sundstrém and 
Gruber, 1998), against oxygen consumption has successfully 
been used to estimate energy expenditure in sharks. 

Building on these initial techniques, accelerometers now 
offer a commercially available method of measuring ani- 
mal movement and have been increasingly used in the last 
decade as a tool to estimate field metabolic rate (FMR) ina 
variety of both terrestrial and aquatic species (e.g., Halsey et 
al., 2009, 2011; Wilson et al., 2006). This technique is based 
on the principle that animal movement is driven by muscle 
contraction, which requires the hydrolysis of adenosine tri- 
phosphate (ATP), the universal carrier of chemical energy, 
and therefore oxygen consumption (Gleiss et al., 2011b). 
By running respirometry trials with animals equipped 
with accelerometers, these simultaneous measurements of 
metabolic rate and body acceleration—generally measured 
as overall dynamic body acceleration (ODBA) or partial 
dynamic body acceleration (PDBA)—can be used to create 
a calibration between the two metrics. This calibration can 
then be applied to acceleration data collected from wild fish 
to estimate energy expenditure. Using accelerometers in this 
manner also has the added value of concurrently measur- 
ing energy use, behavior, and other kinematic parameters, 
meaning that this technique can provide estimates of con- 
text-specific metabolic rates. 

Calibrations between oxygen consumption and body 
acceleration have been conducted for four species of sharks 
so far: scalloped hammerheads (Gleiss et al., 2010), lemon 
sharks (Bouyoucos et al., 2017b; Lear et al., 2017), black- 
tip sharks (Carcharhinus limbatus) (Lear et al., 2017), and 
nurse sharks (Ginglymostoma cirratum) (Lear et al., 2017). 
Each of these studies was successful in creating significant 
calibrations between oxygen consumption and metabolic 
rate that can be applied to wild sharks and demonstrated the 
applicability of using accelerometry as a method of estimat- 
ing FMRs in elasmobranchs. However, these studies have 
also identified several caveats in undertaking body accel- 
eration—metabolic rate calibrations, emphasizing the need 
to carefully consider laboratory protocols and respirometry 
procedures while conducting these studies in sharks and 
other large-bodied fish. These caveats are examined below 
in an effort to discuss best-practice protocols for performing 
these calibration experiments with elasmobranchs. 

3.5.1 Respirometer Choice 

The overarching goal of calibrating body acceleration 
against metabolic rate is to translate laboratory measure- 
ments of metabolic rate to wild fish. This means that fish 
swimming behavior in calibration studies should match 
free-swimming fish behavior as closely as possible in order 
to produce body acceleration—metabolism relationships 
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Figure 3.4 While swimming in midwater, accelerometers revealed that great hammerhead sharks (Sphyrna mokarran) swim in a rolled 
manner. For (A) to (D), roll and pitch angles were measured by an acceleration data logger attached to the dorsal fin of a 
295-cm shark on the Great Barrier Reef, Australia. A typical hour-long time series for that animal is depicted in (A) and (C), 
and probability distributions of roll and pitch angles based on the last 15 hours of the monitoring period are shown in (B) and 
(D). Images in (E) and (F) were taken with a fin-mounted video camera attached to another wild S. mokarran (~350 cm) as 
it rolled to the left and right (respectively) at absolute roll angles of ~60° at South Bimini Island, the Bahamas. (From Payne, 


N.L. et al., Nat. Commun., 7, 12289, 2016.) 


that are applicable to wild individuals. Although simple 
in concept, this is a difficult goal to achieve in laboratory 
studies, where captive conditions generally do not equate to 
the environment experienced by wild fish. This is particu- 
larly true of respirometers themselves, which by necessity 
confine animals to relatively small, sealed chambers where 
swimming behavior rarely mirrors swimming seen in free- 
ranging individuals. 


The majority of acceleration—metabolic rate calibration 
studies in fish and elasmobranchs have been conducted in 
flume or swim-tunnel respirometers, where a propeller and 
motor push water through a swimming chamber at a con- 
trolled speed (e.g., Bouyoucos et al., 2017b; Clark et al., 
2010; Gleiss et al., 2010; Mori et al., 2015; Wright et al., 
2014; Yasuda et al., 2012). However, many of these studies 
have stated concerns that the forced swimming conditions in 


54 SHARK RESEARCH: EMERGING TECHNOLOGIES AND APPLICATIONS FOR THE FIELD AND LABORATORY 


flumes impacted animal behavior or biased their measure- 
ments of metabolic rates (Bouyoucos et al., 2017b; Gleiss et 
al., 2010; Mori et al., 2015; Wright et al., 2014). 


3.5.2 Temperature 


In addition to swimming behavior, an equally important 
consideration in the development of laboratory calibra- 
tions for FMR estimation is how temperature will affect the 
relationship between metabolic rate and body acceleration. 
Metabolic rates scale exponentially with temperature in 
ectotherms, including most elasmobranch species (Carlson 
et al., 2004). In fact, temperature is arguably the most influ- 
ential factor affecting metabolic rate in these animals, even 
above locomotion (Carlson et al., 2004; Lear et al., 2017). 
However, few calibration studies in fish have included the 
effects of temperature (Lowe, 2001; Wright et al., 2014; Lear 
et al., 2017), making it difficult to apply most calibrations to 
wild fish, which generally experience substantial tempera- 
ture variation throughout diel or seasonal cycles. Lear et al. 
(2017) found that temperature affected the intercept of body 
acceleration—oxygen consumption calibration curves, but it 
did not change the slope of these relationships in blacktip, 
lemon, or nurse sharks. This suggests that if the temperature 
scaling rate of the standard metabolic rate (SMR) is known, 
generally expressed as a Q,, value, this can be used to correct 
body acceleration—oxygen consumption curves for changes 
in temperature in lieu of running full calibration experi- 
ments at a range of temperatures. However, even SMR Q,, 
values are known for relatively few elasmobranch species, 
largely due to the difficulty, expense, and logistical chal- 
lenge of running respirometry experiments at a large range 
of temperatures (Carlson et al., 2004; Whitney et al., 2012). 
Regardless, it is essential to account for temperature effects 
when estimating metabolic rates in order to accurately apply 
calibrations to animals under field conditions. 


3.5.3 Body Size 


Another factor to consider when calibrating body accelera- 
tion and metabolism is the body size of individuals used in 
calibrations. Body size has been shown to be a significant 
predictor of metabolic rate in a range of species, including 
fish (Gillooly et al., 2001; Killen et al., 2010; Sims, 1996). 
However, scaling of metabolic rate with body size has not 
been investigated in many large-bodied elasmobranchs, and 
there can be substantial interspecific variability in body 
size-metabolic rate scaling factors (Killen et al., 2010; Payne 
et al., 2015). Additionally, body acceleration will also scale 
with body size (Gleiss et al., 2011b; Whitney et al., 2012), 
with larger individuals typically having lower ODBA than 
smaller individuals. This relationship has not been studied 
extensively, and no calibration study thus far has compared 
individuals of varying sizes, limiting the application of 


laboratory calibrations to the same size individuals in the 
field. Most respirometry studies use relatively small animals 
because of limitations imposed by respirometer size, mak- 
ing it difficult to assess how the relationship between body 
acceleration and oxygen consumption fluctuates as fish grow. 
New respirometry techniques that can accommodate larger 
animals (e.g., Payne et al., 2015) could allow for the issue 
of body size to be examined in calibration studies, detan- 
gling the effects of simultaneous variation in metabolic rate 
and body acceleration as size increases. This would greatly 
expand the potential of this technique to enable the study 
of field energetics in larger animals, providing information 
about energy requirements and ecosystem interactions of 
higher trophic levels. 


3.5.4 Application to the Field 


Ultimately, the goal of the calibration studies described here 
is to estimate FMRs by applying the laboratory calibrations 
to acceleration data collected from wild individuals. With 
careful consideration of respirometry procedures, these cali- 
brations should be able to render fairly accurate estimates 
of FMRs based on activity and temperature measurements 
(Figure 3.5), although there will always be additional factors 
at play in the field that can alter metabolic rates and which 
can be difficult to account for in FMR estimates, including, 
for example, post-exhaustion recovery (anaerobic respira- 
tion), circadian rhythms, and specific dynamic action (SDA) 
(discussed in Whitney et al., 2012). Even with these draw- 
backs, these calibration experiments allow for the remote 
measure of absolute energy expenditure with relative accu- 
racy and can provide a substantial amount of information on 
ecosystem interactions, trophic dynamics, and many other 
bioenergetics factors. This is particularly important when 
considering the declines of many shark populations world- 
wide and assessing the impact of upper trophic level preda- 
tor removal on these ecosystems. 

Direct calibrations of body acceleration and oxygen 
consumption represent the gold standard in the study of 
energetics, but performing these calibrations is logistically 
challenging and even impossible for some species that occur 
in remote areas, are not amenable to captivity, or are simply 
too large to fit into even the largest respirometer (but see 
Payne et al., 2015). Even in such cases, kinematic data can 
help estimate the energetic cost of locomotion, especially 
when combined with hydrodynamic models or wind-tunnel 
experiments. The rationale behind these techniques is that 
the drag that a shark (or other organism) has to overcome 
should be proportional to the mechanical power output, 
which in turn should be proportional to the chemical energy 
required (Davis and Weihs, 2007). Simple data, such as those 
on swimming speed or posture, can be used to drive mod- 
els of varying complexity to arrive at estimates of metabolic 
power. These can then be used to explore questions ranging 
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overall dynamic body acceleration (ODBA) calibration. The standard metabolic rate (SMR) of the shark and the intercept of 
the calibration relationship are determined by the temperature during the deployment (red trace). Activity state is determined 
as active (gray bars) or resting (white bars), here done using k-means cluster analyses (see Sakamoto et al., 2009; Whitney et 
al., 2010). Resting intervals are assigned an SMR based on the mean temperature during the interval, and active periods are 
assigned a routine metabolic rate (RMR) based on ODBA and temperature. The predicted MO, resulting from this method is 
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periods. (From Lear, K.O. et al., J. Exp. Biol., 220(3), 397-407, 2017.) 


from optimal swim speeds (Josilevskii and Papastamatiou, 
2016), diving behavior (Iosilevskii et al., 2012), and meta- 
bolic physiology (Watanabe et al., 2015) to body composi- 
tion (Gleiss et al., 2017b). 

Additionally, accelerometers can render useful data on 
the relative energy expenditure of free-ranging sharks even 
in the absence of laboratory calibrations or wind-tunnel 
experiments, particularly when used concurrently with 
behavioral classification. Comparisons of levels of move- 
ment (ODBA or PDBA) between different behaviors yield 
information about the relative energetic cost of each type 
of behavior. These types of data have many different appli- 
cations, including assessing the fitness implications of the 
behavioral decisions that animals make, determining why 
certain behavioral patterns may be displayed by individuals 
or populations, and deciphering how environmental changes 
or anthropogenic effects may impact the energetics and fit- 
ness of these animals. 


3.6 HUMAN IMPACTS 


Of over 1000 species of chondricthyans assessed by the 
International Union for Conservation of Nature (IUCN), 
approximately 25% are estimated to be threatened by an 
elevated risk of extinction, with some experiencing local 
extinction of adult populations (Dulvy et al., 2014). These 


worldwide declines can be largely attributed to anthropo- 
genic impacts, either directly through targeted fishing or 
bycatch or indirectly as a result of habitat loss and climate 
change. Although virtually all of the technologies described 
in this volume can document these effects in one way or 
another, biologging devices provide a unique ability to quan- 
tify fine-scale effects at the individual level and to bridge the 
gap between laboratory studies and the impacts on animals 
in their natural environment. 

3.6.1. Fishing Effects 

Sharks typically have relatively slow growth and low fecun- 
dity, making them more vulnerable to fishing pressure 
compared to many species of teleosts (Cortés, 1999, 2002; 
Dulvy et al., 2008; Hoenig and Gruber, 1990). While at- 
vessel mortality rates are relatively easily obtained, quan- 
tification of post-release mortality and sublethal behavioral 
effects are more difficult to measure, as unknown percent- 
ages of released animals later succumb to the physical or 
physiological effects of capture stress (Molina and Cooke, 
2012; Skomal, 2007; Skomal and Bernal, 2010). Capture 
stress and extended recovery after sharks are released from 
fishing gear can also have more subtle impacts on animal 
condition and long-term fitness, which can be equally diffi- 
cult to quantify (Donaldson et al., 2008; Lewin et al., 2006; 
Olla et al., 1997). 
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3.6.1.1 Post-Release Mortality 


Quantifying post-release survival and recovery of sharks 
following interactions with fishing gear has _ historically 
been difficult and expensive. In the last decade, several stud- 
ies have used acoustic telemetry (Afonso and Hazin, 2014; 
Kneebone et al., 2013) or satellite tags (e.g., Campana et al., 
2009; Gallagher et al., 2014; Musyl et al., 2006; Sepulveda 
et al., 2015) to quantify diving behavior of pelagic sharks 
in order to infer mortality and sublethal effects of capture. 
Although these technologies remain the most feasible for 
some elasmobranchs, biologgers have recently been shown 
to be highly effective for several shark species. 

Because ADLs provide data on the fine-scale depth 
and body movements of an animal at subsecond sampling 
intervals, they can provide clear information on what hap- 
pens to a shark after capture and release (Whitney et al., 


(A) 


Depth (m) 
WBWNHO 


1.0 
0.5 
0.0 

0.5 

-1.0 : 


Tailbeats (g) 


2016, 2017). Unlike acoustic and satellite tags, which typi- 
cally assume mortality based on depth information or the 
absence of detections from a tagged animal, ADLs pro- 
duce an unambiguous indication of whether an individual 
lived or died (Figure 3.6) (Whitney et al., 2016). Predation 
events, another confounding variable in post-release studies, 
can also be visualized based on acceleration data from the 
event itself, as well as comparison of the tag position and 
movement frequency before and after the tag was consumed 
(Figure 3.7) (Lear and Whitney, 2016). 

Another benefit of using ADLs to determine post-release 
outcomes is that, under the right conditions, these tags are 
much more cost effective than satellite tags and can gener- 
ally be used several times if recovered. Lear and Whitney 
(2016) showed that for the purpose of studying post-release 
mortality in large coastal sharks in a commercial longline 
fishery, ADLs cost one-fourth to one-eighth the price of 
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Figure 3.6 Death of a shark: depth, body pitch, and tailbeat acceleration of a dying blacktip shark after release from a recreational fish- 
ery. The animal begins swimming normally with an oscillating dive pattern for several minutes (A) before descending to the 
bottom, where it continues tailbeating and briefly recovers (B). Tailbeats then largely cease for the next several minutes as the 
animal lies on the bottom, with periodic attempts to recover with a few high-amplitude tailbeats every few minutes (C) until all 
activity ceases approximately one hour after release. (From Whitney, N.M. et al., Fish. Res., 183, 210-221, 2016.) 
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Figure 3.7 Acceleration traces from a blacktip shark that died approximately 40 min after release and was scavenged 4 hr later and the 
float package ingested (dashed line). (A) Tailbeat acceleration from when the blacktip was alive shows a tailbeat frequency at 
0.7 Hz. (B) Tailbeat oscillations stop 40 min after release, showing that the shark died. (C) Tailbeats resume 4 hr later when 
the package was ingested, but average a lower frequency (0.5 Hz), indicating that the scavenging animal was larger than the 
blacktip. (From Lear, K.O. and Whitney, N.M., Anim. Biotelem., 4(1), 12, 2016.) 


using satellite tags, even after inclusion of tag search-and- 
recovery efforts. This cost efficiency increases the likeli- 
hood of obtaining the large sample sizes (generally >100 
animals) thought to be required to achieve high-certainty 
estimates of post-release mortality rates in many species 
(Goodyear, 2002; Horodosky and Graves, 2005). 


3.6.1.2 Quantifying Recovery Period 


Although the effects of capture on post-release survivability 
have been examined in a few shark species, mortality rep- 
resents only the most extreme negative effect of capture and 
release and is therefore an imperfect parameter for quanti- 
fying effects of fisheries interactions. Sublethal behavioral 
effects of capture stress have rarely been examined and then 
usually only at low resolution (e.g., by inferring recovery 
time from brief acoustic tracks) (Carey et al., 1990; Gurshin 
and SzedImayer, 2004; Holts and Bedford, 1993; Sepulveda 
et al., 2004; Skomal, 2006), camera deployments (Skomal 
et al., 2007), or from broad-scale changes in swimming 


depth measured from pop-up satellite archival tags (PSATs) 
(Campana et al., 2009; Moyes et al., 2006; Skomal, 2006). 
Alternatively, biologgers can provide high-resolution data on 
fine-scale behavioral changes following capture by calculat- 
ing a number of different swimming metrics using a com- 
bination of kinematic and depth parameters (i.e., tailbeat 
frequency and acceleration amplitude, body pitch and roll, 
vertical velocity, and ODBA). Whitney et al. (2016) showed 
that blacktip sharks resume stable swimming activity after 
10.5 + 3.8 hr following capture. Recovery periods were cal- 
culated by comparing acceleration and depth-derived met- 
rics with time post-release and fitting asymptotic nonlinear 
models to identify the point at which an animal’s movements 
reach a constant level, indicating that it has regained normal 
swimming behavior. This information is crucial to deter- 
mining fishery impacts in addition to a simple post-release 
alive/dead outcome, as sublethal behavioral effects of cap- 
ture can have substantial impacts on an individual’s suc- 
cess in its environment beyond the immediate post-capture 
period (Lewin et al., 2006). 
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3.6.1.3 Quantifying Behavior During Capture 


In addition to studying post-release behavior, ADLs can also 
be used to study the behavior of sharks during capture in 
an effort to understand interspecific differences in suscep- 
tibility to capture stress. Bouyoucos et al. (2017c) recently 
equipped captive juvenile lemon sharks (Negaprion bre- 
virostris) with ADLs during simulated longline capture 
and found a ninefold increase in the frequency of burst 
swimming events and a 57.7% increase in activity costs 
compared to unrestrained sharks. Gallagher et al. (2016) 
attached ADLs directly to fishing gear to show that wild 
caught blacktip sharks (Carcharhinus limbatus) fight more 
intensely than nurse sharks (Ginglymostoma cirratum) and 
tiger sharks (Galeocerdo cuvier) upon being hooked, and 
this corresponded to higher blood lactate values. Guida et al. 
(2016, 2017) have used time—depth recorders sampling every 
4 sec and attached to gangions to document the behavioral 
responses of multiple species of shark caught on commercial 
longlines. This type of information is helpful in determin- 
ing what drives the physiological disruption and post-release 
response in certain species and in informing management 
regulations for specific species and gear types. 


3.6.2 Dive Tourism 


Just as fisheries capture and release can cause sublethal inju- 
ries or stress to surviving elasmobranchs, comparatively 
innocuous activities such as dive tourism can also have an 
impact on the long-term health of affected animals (Gallagher 
et al., 2015; Semeniuk et al., 2009). Although the effects of 
dive tourism on behavior may be subtle, over time they can 
produce substantial impacts on the overall health and fitness 
of animals. Biologgers can be used to measure these subtle 
changes in behavior, providing information about the behav- 
ioral and physiological impacts that such activities can have on 
elasmobranchs. For example, Barnett et al. (2016) used accel- 
eration transmitters coupled with respirometry to estimate that 
whitetip reef sharks (Triaenodon obesus) showed increased 
activity and a metabolic rate that was 6.37% higher on days of 
dive tourist provisioning compared to non-provisioning days. 
This increase in metabolic demand was not met by the food 
the animals consumed through provisioning; consequently, 
dive tour activities may change these animals’ energy budgets 
and allocations. Such effects could potentially have a signifi- 
cant impact on animals involved in ecotourism activities. 


3.6.3 Climate Change Effects 


In addition to fishing and other direct impacts of human 
activities, elasmobranchs are also affected by many indirect 
impacts, the most pressing of which is the suite of environ- 
mental shifts driven by climate change. Because the major- 
ity of sharks and rays are ectotherms, water temperature 
regulates an entire spectrum of physiological and behavioral 


processes in these animals, including metabolic rates, mus- 
cle performance, and activity levels (Angilletta et al., 2002; 
Kingsolver, 2009). As such, the changing temperature 
regimes associated with climate change are particularly con- 
cerning and have the potential to substantially alter many dif- 
ferent elements of these animals’ physiology and life history, 
including energy budgets, behavioral strategies, daily activ- 
ity patterns, and space use. Changing temperatures can drive 
range shifts in many species (Perry et al., 2005; Stebbing et 
al., 2002; Sunday et al., 2012), but they can also drive fine- 
scale changes in day-to-day behavior and activity. This is 
particularly relevant for species or life stages that are bound 
to certain habitats and therefore cannot shift their range to 
seek preferred temperatures (Chin et al., 2010), instead rely- 
ing on behavioral or physiological plasticity to persist under 
warmer temperature regimes. Biologgers are well suited to 
study these more fine-scale effects of climate change. 

Many behavioral and physiological processes in ecto- 
therms scale with temperature according to a thermal per- 
formance curve, where performance gradually increases 
with temperature until it reaches a maximum at an animal’s 
optimum temperature before quickly declining as tempera- 
tures reach lethal levels (Angilleta, 2006; Angilletta et al., 
2002; Huey and Kingsolver, 1989). Many past studies exam- 
ining thermal performance have done so in the laboratory, 
but accelerometers offer a tool to study thermal performance 
in wild fishes, as well. One of the major ways that tempera- 
ture affects ectotherms is through regulating activity levels, 
with animals generally becoming more active as tempera- 
tures increase (Halsey et al., 2015). By using accelerometers 
to measure activity at a range of temperatures, generally as 
ODBA, other kinematic parameters, or percent of time spent 
active, this wild activity data can be plotted against tempera- 
ture to form a thermal performance curve. This method has 
been used to examine thermal performance in several species 
of teleosts (Gannon et al., 2014; Payne et al., 2016b), as well 
as one elasmobranch so far, the estuary stingray (Dasyatis 
fluviorum) (Payne et al., 2016b), and has proven to be an 
effective method of measuring wild performance. These data 
can help to chart the likely increase in activity, determine 
how much time animals may spend above their optimum 
temperatures, evaluate whether certain environments will 
approach an animal’s critical thermal maximum, and deter- 
mine which types of habitats may become most important for 
these animals under rising temperature regimes. 

Simultaneous logging of temperature and behavioral 
metrics, including activity and depth use, can also provide 
insight into how elasmobranchs shift their activity rhythms 
and behavioral patterns in response to changing temperatures 
and how climate change may impact these processes. Gleiss 
et al. (2017a) simultaneously logged acceleration, depth, and 
temperature in a riverine population of freshwater sawfish 
(Pristis pristis) over a large temperature range and deter- 
mined that sawfish alter both activity patterns and depth 
use as temperature increases. In the future, understanding 
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how large-scale changes in temperature modulate activity 
and behavior over time may help to forecast how increas- 
ing temperatures may impact an animal’s energy use and 
requirements, foraging success, and susceptibility to pre- 
dation, among other factors. It is also important to bear in 
mind that selection and physiological adaptation may alter 
thermal reaction norms over long time scales and could shift 
these measured thermal responses in the future. 


3.7 LOGISTICS AND CHALLENGES 


Biologgers are clearly powerful tools for addressing a num- 
ber of questions in elasmobranch studies, but these tools also 
present a unique set of challenges and are not feasible in all 
cases. It should be noted that several of the research ques- 
tions we discuss here can be addressed by transmitters in 
some cases, and satellite tags often log higher resolution data 
that can be downloaded if the tag is recovered. This means 
that the difference between conventional acoustic or satellite 
transmitters and the high-resolution biologgers discussed in 
this chapter is more a difference in degree than a difference 
in kind. However, because biologgers provide unique advan- 
tages, it is worth discussing some of their unique disadvan- 
tages and ways to overcome them. 

3.7.1. Data Acquisition 

Data acquisition is one of the biggest challenges in the use of 
biologgers with high sampling frequencies. Whereas some 
tags will record high-resolution data and transmit summary 
or binned values (see Chapter 8 in this volume), high-res- 
olution data loggers store their data to memory and must 
be physically recovered and downloaded. The necessity of 
recovering loggers introduces a suite of challenges, particu- 
larly when these tags are deployed on large, free-ranging 
elasmobranchs that are capable of traveling large distances 
over short periods of time. 


3.7.1.1 Logger Package Design, 
Deployment, and Recovery 


Physically recovering a device from a free-swimming fish is 
very difficult in most cases, and these difficulties are ampli- 
fied by the fact that most manufacturers of high-resolution 
biologgers do not provide a mechanism for tag release and 
recovery. Because logger attachment methods and position 
on the body are likely to be highly variable depending on 
the species studied and the questions being addressed, the 
generation of release-and-recovery mechanisms is highly 
case specific and therefore their development is usually left 
to the researcher. 

Some biologging tags can be surgically implanted 
(Haulsee et al., 2016b) or fed to the animal to be later regur- 
gitated (Jorgensen et al., 2015; Papastamatiou and Lowe, 


2004), but these methods involve high uncertainty in the 
timing of tag recovery. For tags that are regurgitated or 
detach from the animal, several studies have employed neg- 
atively buoyant tags coupled with acoustic transmitters that 
sink to the bottom and are recovered using an underwater 
hydrophone, but this limits detection range to a few hun- 
dred meters (Whitney et al., 2012). In many cases, it is more 
effective to pair the logger with a float and VHF transmitter 
or satellite tag that can be detected at the surface from sey- 
eral kilometers away. 

Whereas simple floats made of syntactic foam materi- 
als have been used to recover tag packages for decades 
in a variety of taxa (e.g., Blaylock, 1990; Marshall, 1998; 
Otani et al., 1998; Watanabe and Sato, 2008), few studies 
have designed logger packages specifically for use on elas- 
mobranchs. Gleiss et al. (2009b) developed a float package 
made from epoxy and hollow glass microspheres which 
was used to attach loggers to free-swimming whale sharks 
using a custom-made, spring-loaded clamp system. This 
package was attached to the clamp with a galvanic timed 
release (GTR) made of dissimilar metals that corroded in 
seawater over time, allowing for the package to release from 
the animal. Upon release, the package floated to the surface 
and was detected and recovered via a VHF transmitter that 
was embedded in the package and could be detected from 
several kilometers away. This clamp-and-attachment system 
was later modified and used to attach these tags to free- 
swimming white sharks (Carcharodon carcharias) around 
cage-diving operations (Chapple et al., 2015). 

Similar style packages have also been used to study tiger 
sharks (Galeocerdo cuvier) (Nakamura et al., 2011) and 
Greenland sharks (Somniosus microcephalus) (Watanabe 
et al., 2012); however, instead of a clamp attachment, these 
packages were attached through the dorsal fin of sharks 
using plastic cable ties with a mechanical timed release 
mechanism built in such that a burn wire was severed by an 
electric signal at a set time. Whitmore et al. (2016) developed 
a package for sharks that was designed to carry a G6a accel- 
eration data logger (Cefas Technology Limited; Lowestoft, 
UK) that recorded acceleration over three axes at subsec- 
ond intervals, as well as depth and temperature (Figure 3.8) 
(Lear and Whitney, 2016). This package also used a VHF 
transmitter for recovery that was attached to the dorsal fin 
of sharks using a tether made from zip ties or monofilament; 
a GTR released the floats. This package was tested on mul- 
tiple shark species with recovery success rates ranging from 
86 to 100%, depending on species (Whitmore et al., 2016). 
The fine-scale data and reliable recovery rate allowed this 
package to be used for studies of shark post-release mortal- 
ity and recovery from fishing (Whitney et al., 2016, 2017). 

All of these studies had fairly low sample sizes, par- 
tially due to the expense and logistical difficulties in log- 
ger deployment and recovery; however, under the right 
conditions these packages can also be used to economi- 
cally recover large numbers of tags over large distances. 
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Figure 3.8 Accelerometer-VHF float package designed by 
Whitmore et al. (2016) and shown attached to the first 
dorsal fin of a 222-cm TL sandbar shark (Carcharhinus 
plumbeus) (A) using a tether with a built in galvanic 
timed release (GTR; red arrow). The GTR corrodes after 
a predetermined amount of time and the float package 
detaches from the fin, floating upright on the surface 
(B), so that it can be detected and tracked down using a 
VHF receiver (C) and recovered. (From Lear, K.O. and 
Whitney, N.M., Anim. Biotelem., 4(1), 12, 2016.) 


Lear and Whitney (2016) tested the same package designed 
by Whitmore et al. (2016) in a study of acute post-release 
mortality in longline-caught sharks and achieved an over- 
all recovery rate of 97.4% out of 193 deployed loggers, 
even with tagged sharks moving an average of 31.3 + 28.2 
km per day, with a maximum displacement of 79 km/day. 
Although tag package deployment time was relatively short 
(22.9 + 22.5 hr), the lower cost of tags and ability to reuse 
them allowed the work to be done at a fraction of the cost of 
using conventional satellite tags. It should be noted that the 
effectiveness of this high-volume approach to logger deploy- 
ment and recovery is largely dependent on fishing success 
and works best for projects with high catch per unit effort 
(CPUE) that aim to tag many animals in a short time period. 
This allows multiple tags to be deployed at once, making 
search-and-recovery efforts much more economical. 


3.7.1.2 Tag Effects on the Animal 


All tagging studies have the potential to alter the movements 
and behaviors of tagged animals, but high-resolution biolog- 
gers often provide a unique opportunity to quantify those 
effects. Given this capability, biologging tags have shed new 
light on the effects of equipping animals with tags. First, the 
act of tagging itself can affect the behavior of the target ani- 
mals, whether they are caught and tagged while restrained 
or tagged while free-swimming. Short-term behavioral 
effects of tag attachment often include increased activity 
directly following tagging, observed through higher ODBA, 


tailbeat frequency, and swimming speeds (Bullock et al., 
2015; Gleiss et al., 2009b; Lowe et al., 1998; Sundstr6m and 
Gruber, 2002; Whitney et al., 2007, 2016). The magnitude 
of these behavioral effects may be higher with more extreme 
capture and tagging procedures, such as longline or rod 
and reel fishing, where animals may take several hours to 
recover (e.g., Whitney et al., 2016, 2017), whereas tagging 
free-swimming animals may cause only a slight and brief 
deviation from normal behavior (e.g., Gleiss et al., 2009b). 

Tags can also physically affect their carriers through 
altering their hydrodynamics and swimming efficiency. 
Biologging tags are almost exclusively deployed via external 
attachment to facilitate logger recovery. In addition to poten- 
tial tissue damage from the attachment method, externally 
attached tags can impact fish by increasing the amount of 
drag a fish experiences as it swims or by altering the buoy- 
ancy of the fish. Increased drag from externally attached 
tags has been connected with increased energetic costs and 
decreased swimming performance in juvenile scalloped 
hammerheads (Lowe et al., 1998), juvenile lemon sharks 
(Bouyoucos et al., 2017a), and young of the year cownose 
rays (Blaylock, 1990; Grusha and Patterson, 2005), includ- 
ing decreases in swimming speed and activity and increases 
in tailbeat or wingbeat frequency, leading to a substantial 
increase in the cost of transport. 

The impacts of changes in buoyancy due to tagging have 
not been thoroughly examined for elasmobranchs, despite 
having the potential to alter swimming dynamics and ener- 
getic costs (Gleiss et al., 2015; Grusha and Patterson, 2005; 
Iosilevskii and Papastamatiou, 2016). Whereas teleosts have 
been shown to be able to mitigate small changes in buoyancy 
by altering swim-bladder volume (Lefrancois et al., 2001), 
elasmobranchs lack a swim bladder and are negatively 
buoyant. Instead, they generate vertical forces through lift 
produced by the body and fins, resulting in induced drag 
(Alexander, 1990). An animal carrying a negatively buoyant 
tag would generate greater induced drag, and it would there- 
fore have a greater cost of transport, particularly at slow 
swimming speeds (Alexander, 1990; Gleiss et al., 2015). 
The opposite would be true for animals carrying a positively 
buoyant tag, although these tags may also affect an ani- 
mal’s diving behavior and ability to make gliding descents 
(Grusha and Patterson, 2005). 

Effects of tagging, whether due to greater drag or altered 
buoyancy, are generally proportional to the tag—animal ratio 
of surface area (for drag) or weight (for buoyancy). Few stud- 
ies have quantified the increases in drag that a tag imposes 
on a fish, and there are no widely accepted guidelines for 
surface area ratios for tagging. Quantifying the impact of 
changes in buoyancy is more straightforward, and general 
tagging guidelines recommend that tags remain less than 
2% of the body weight of fish to limit impacts of increased 
weight (Winter, 1983). However, these calculations are often 
made based on the weight of the tag and animal in air, which 
can be misleading as it is the underwater buoyancy ratios 
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of tag and animal that provide the physical basis for any 
impact on the animal’s buoyancy. However, most biologging 
tags are close to neutral buoyancy; therefore, drag-related 
effects likely play a greater role. Many elasmobranchs are 
large-bodied animals, where tagging effects are likely lim- 
ited because of high animal to tag size ratios, although these 
effects will be much more pronounced when using smaller 
species or juveniles, which have lower tag—animal size ratios 
(e.g., Bouyoucos et al., 2017a; Lowe et al., 1998) and must be 
carefully considered when designing tagging studies. 


3.7.1.3 Transmitting vs. Archiving Data 


The decision to use a transmitter or biologger must be made 
on a case-by-case basis and will depend on several factors 
that include the specific question being addressed; the size, 
location, and mobility of the study species; and the geogra- 
phy and logistics of the study site. Transmitting sensor data is 
highly advantageous for long-term studies and is especially 
feasible for species that (1) are large enough to carry a satel- 
lite tag, or (2) are likely to remain within range of an array of 
acoustic listening stations to which data can be continually 
transmitted. Even though transmitted acceleration data are 
extremely coarse compared to logged and unprocessed data 
(Whitney et al., 2012), they have been useful for long-term 
studies of post-release survivorship, activity, and metabolic 
rate in various species of teleosts (e.g., Curtis et al., 2014; 
Murchie et al., 2011; Payne et al., 2016b) and sharks (Barnett 
et al., 2016; Papastamatiou et al., 2015; Shipley et al., 2017). 
The fundamental problem with transmission technologies 
is that they lack the bandwidth to transmit data at a high 
enough resolution to adequately address questions regarding 
things such as fine-scale behaviors or biomechanics. This 
loss of information can be clearly seen in the degradation 
of dive information as high-resolution depth data from a 
biologger are down sampled to simulate the effect of sev- 
eral common transmitter regimes (Figure 3.9). Given the 
reduction in resolution and number of dives visible in these 
transmitted data, it is easy to see how similar downsampling 
of acceleration data would prohibit their use for behavioral 
studies. Moreover, transmitted data are inadvertently spa- 
tially biased because data are only recorded when sharks are 
near receivers, and imperfect receiver coverage can result 
in gaps in data, which is not the case with biologging tags. 
Thus, although transmitted data can be extremely valuable, 
they cannot be used to address the same suite of questions 
as high-frequency biologgers (for a comparison of sampling 
frequencies, see Whitney et al., 2012), and they also lack the 
resolution that allows logged datasets to be used for multiple 
studies (Payne et al., 2014). 

Pop-up satellite archival tags (PSATs), as their name 
implies, are data loggers that summarize, compress, and then 
transmit their logged information. The physical recovery of 
satellite tags often provides access to much higher resolution 
archived data (<l-min sampling intervals) than those that 


are transmitted. Although recoveries of PSATs have typi- 
cally been serendipitous, their commonality in some stud- 
ies and the development of receivers to locate and recover 
tags are beginning to bridge the divide between satellite tag 
and biologger studies. Jorgensen et al. (2015) used a PSAT 
to aid in tag recovery, as well as to store depth and tempera- 
ture information to complement a biologger that logged only 
acceleration data; however, storing information in memory is 
power intensive, and PSATs that are designed for long deploy- 
ments still record at relatively low temporal resolution (>1 
sec). Although they may be suitable for depth or temperature 
measurements, they are not at the scale needed to describe 
fine-scale movement data (i.e., 5 to 30 Hz acceleration). 


3.7.2 Data Handling, Management, 
and Visualization 


Modern biologgers can record multiple channels of informa- 
tion at high frequencies, and the resulting datasets reach- 
ing into the millions of data points present difficulties for 
analysis. Each study will have its own goals that guide how 
the data are analyzed, but there are common challenges that 
stretch across most studies involving high-resolution logger 
data. First, the raw data values provided by loggers are rarely 
informative in and of themselves, particularly for acceler- 
ometers and other three-dimensional movement sensors. 
Instead, the relevant information is usually encoded in the 
trends and changes in the sensor values. As such, analyses 
of motion sensor data largely borrow from the field of sig- 
nal analysis, and common procedures include using filters or 
Fourier and wavelet transformations to separate convoluted 
signals and convert raw movement data into meaningful 
parameters such as frequency and amplitude (Brown et al., 
2013). These techniques can separate out kinematic param- 
eters that are informative for understanding basic swim- 
ming behavior, although classifying these data into specific 
types of behavior is a separate hurdle and often a difficult 
task. Using machine learning techniques such as k-means 
clustering, regression trees, and hidden Markov models has 
allowed researchers to autonomously identify and classify 
different segments of the data into behaviors (Brewster et 
al., 2018; Leos-Barajas et al., 2017; Sakamoto et al., 2009). 

Additionally, beyond the challenge of learning the spe- 
cialized techniques necessary to analyze logger data, manip- 
ulating these datasets requires the use of appropriate software 
such as IGOR Pro, MATLAB®, or R and typically involves 
writing specialized scripts for each program. For extremely 
large datasets, manipulating and analyzing them can exceed 
the amount of RAM found on many consumer level comput- 
ers (<8 GB) and requires splitting datasets, using computers 
with more memory, or using more advanced software. 

The large and multidimensional nature of biologger data- 
sets also presents challenges in effectively visualizing them. 
Simple methods involve plotting sensor values against time, 
but only small subsets of data can be effectively displayed 
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Figure 3.9 Sample depth data logged at 1 Hz from a blacktip shark in Florida over a 2-hr period (data from Whitney et al., 2016). The 
shark spends time at the surface, with V dives to depth (A). When these data are downsampled to simulate data transmitted 
by an acoustic transmitter (60-sec nominal delay), much of the fine-scale patterns in dive behavior are lost (B). When data 
are downsampled to simulate transmission via satellite using time series (C) or compressed into 2-hr time bins (D), patterns 
in vertical habitat use are completely lost. Note that 2-hr time bins represent the finest temporal bin available (0, 2, 4, 6, 8, 10, 
15, and 20 hr) for miniPAT transmitters, and many studies use more coarse bin settings. 


in this manner. Plotting summarized metrics over time can 
help to reveal changes in swimming kinematics or behay- 
ior over longer periods. Additionally, time series graphs are 
usually limited to viewing data from a single individual over 
a relatively small time window and can potentially lead to 
spurious conclusions (Ropert-Coudert and Wilson, 2004). 
Three-dimensional (3D) graphs have also been developed 
for visualizing these data (Grundy et al., 2009) but are often 


difficult to interpret, and using a two-dimensional graph 
with a third variable applied as a color scale is often more 
intuitive (see depth trace in Figure 3.2). Additionally, con- 
verting large datasets from XY scatter plots to XY density 
plots can aid in identifying and visualizing general patterns. 
This concept has been expanded to 3D spherical plots to aid 
in identification of general trends in 3D acceleration or mag- 
netic data (Wilson et al., 2016). 
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From datasets and analyses that are heavily quantita- 
tive, results are often presented qualitatively, with authors 
describing patterns identified visually (Ropert-Coudert and 
Wilson, 2004). This is partly because each logger deploy- 
ment contains a wealth of information, often with complex 
patterns, and generalizing these patterns quantitatively is 
difficult and often violates assumptions of statistical mod- 
els. Yet, quantitative analysis is needed to generate com- 
monalities among individuals in order to draw conclusions 
at the population or species level. To do this, high-resolution 
time series datasets are often summarized post hoc into 
time bins to form statistical units; however, this is problem- 
atic because time bin selection is arbitrary and could be on 
relatively short (1 min) or long (daily) time scales. This is 
important because bin size impacts sample size and thus 
the power of traditional statistical tests. Additionally, these 
datasets violate assumptions of traditional statistical models, 
as the data points are repeated measures, and all the mea- 
surements from a deployment nested within an individual 
are non-independent and therefore pseudoreplicated (Bolker 
et al., 2009). Most biologging studies use statistical models 
that allow for random effects in order to account for this 
non-independence. Yet, patterns identified are often non- 
linear and have pushed researchers into using generalized 
additive mixed models (GAMMs) to statistically identify 
patterns or using nonlinear mixed models (NLMMs) to 
parameterize coefficients to nonlinear models (Gleiss et al., 
2013; Papastamatiou et al., 2015; Whitney et al., 2016). 


3.8 SUMMARY AND CONCLUSIONS 


Despite their inherent challenges and the need for validation 
or calibration studies, high-resolution biologgers are increas- 
ingly being used to advance our knowledge of shark biology 
and understand the threats to shark populations. There are 
already far more sensors available than are typically used in 
a given biologging study, and as our ability to recover and 
process those data improves we will undoubtedly see more 
of these sensors utilized in new and exciting ways. 

The transmission bandwidth via acoustic or satellite 
telemetry is likely to remain limited, but the use of vari- 
ous transmitters to provide the location of, and thus help us 
find and retrieve, biologging devices has been shown to have 
great potential even for large, highly mobile species (Lear 
and Whitney, 2016). The incorporation of Argos transmit- 
ters into biologging packages promises to extend the time 
over which they can be deployed and the distances over 
which they can be recovered (Jorgensen et al., 2015). 

Although these advances are likely to help us apply biolog- 
gers to larger, more mobile animals, at the other end of the 
spectrum we are developing ever-smaller packages to study 
species previously considered too small to tag. For example, 
the same biologger technology (logging triaxial acceleration, 
depth, and temperature) that was included in a float package 


122 mm long and 170 g in air by Whitmore et al. (2016) has 
now been incorporated into a package 80 mm long and 70 g in 
air that is being attached to blacknose sharks (Carcharhinus 
acronotus) and red drum (Sciaenops ocellatus) with no reduc- 
tion of battery or memory (Whitney, unpublished data). 

Further potential to expand this field is provided not 
only by advances in technology but also by a reduction in 
the cost of that technology. As these sensors and devices are 
incorporated into more consumer electronics, their com- 
ponents become commodities that are available at greatly 
reduced prices. This, in combination with increased use of 
loggers and a proliferation of manufacturers, has led to a 
substantial reduction in the cost of these devices over the 
past several years. 

Given the demonstrated ability to retrieve surgically 
implanted loggers after long periods (Haulsee et al., 2016b), 
one can also envision future studies in which high-resolu- 
tion data are collected over extended periods without tag 
detachment. Instead, inexpensive long-term loggers may be 
deployed en masse, relying on serendipitous recapture or log- 
ger recovery to reveal fine-scale information about animal 
behavior, energetics, or social interactions over periods of 
many years. This model has been used with identification 
tags for decades in the National Marine Fisheries Service 
(NMFS) Cooperative Shark Tagging Program, but has 
also been used at a smaller scale in biologging studies by 
researchers studying tuna (Boustany et al., 2010; Domeier et 
al., 2005), white sea bass (Aalbers and Sepulveda, 2015), cod 
(Van Der Kooji et al., 2007), and eels (Righton et al., 2016). 

The tremendous diversity of size, behavior, and life 
history of elasmobranchs means that any and all technical 
advances are likely to be applicable to one or more of these 
species, and future biologging studies in this group will be 
extensive. 
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4.1 INTRODUCTION 


Accurately estimating spatiotemporal variation in the abun- 
dance and density of marine animals, as well as directly 
observing behaviors, is crucial for answering many basic 
questions about their biology and ecology. It is also critical 
for assessing their ecological importance in marine eco- 
systems and evaluating the impact of human activities on 
populations (e.g., fishing, habitat modification, behavioral 
disturbance, climate change). Yet, it can be extremely chal- 
lenging to estimate abundances and densities and observe the 
natural behavior of many taxa, including elasmobranchs. 
Indices of relative abundance for elasmobranchs have 
mostly been generated using captures in fishing gear (e.g., 
Dudley and Simpfendorfer, 2006; Reid et al., 2011), dedi- 
cated surveys using baited hooks (catch per unit of effort) 


(e.g., Wirsing et al., 2006), visual surveys by divers and 
remote (baited and unbaited) cameras (e.g., Bond et al., 2012; 
Goetze and Fullwood, 2013; Nadon et al., 2012; Rizzari et 
al., 2014), and boat-based surveys in shallow waters (Vaudo 
and Heithaus, 2013). Each of these methods has its bene- 
fits as well as critical assumptions that limit the types of 
questions that they can address. Estimating absolute densi- 
ties using these techniques is difficult or even impossible. 
Although only appropriate in some situations, aerial sur- 
veys are another possible tool for studying sharks and rays. 
In marine systems, these surveys have been used to study 
population abundances and distributions over large spatial 
scales (Marsh and Sinclair, 1989; Martin et al., 2016) for 
cetaceans (Gilles et al., 2009; Hammond et al., 2013; Laran 
et al., 2017), sirenians (Bayliss, 1986; Marsh and Sinclair, 
1989; Pollock et al., 2006), seabirds (Laran et al., 2017), 


71 


72 SHARK RESEARCH: EMERGING TECHNOLOGIES AND APPLICATIONS FOR THE FIELD AND LABORATORY 


sea turtles (Cardona et al., 2005; Marsh and Saafeld, 1989), 
teleosts (Bonhommeau et al., 2010; Fromentin et al., 2003; 
Lutcavage et al., 1997), and sharks (Burks et al., 2006; Cliff 
et al., 2007; Rowat et al., 2009; Squire, 1967). For obvious 
reasons, most aerial surveys have focused on air-breathing 
species, particularly marine mammals. In the right circum- 
stances, however, studies using aerial methods are appropri- 
ate for species that do not surface to breathe. Aerial survey 
methods have been used to study sharks for at least five 
decades (e.g., Burks et al., 2006; Jennings, 1985; Laran et 
al., 2017; Rowat et al., 2009; Squire, 1967) and have contrib- 
uted to our understanding of the distribution and abundance 
of elasmobranchs, particularly in coastal habitats or for large 
epipelagic species in open waters (Table 4.1). Regardless of 
taxa, surveys have primarily been conducted using manned 
aircraft with observers recording their observations in real 
time (e.g., Hodgson et al., 2017). The recent advent of inex- 
pensive unmanned aerial vehicles (UAVs), also known as 
remotely piloted aerial systems (RPASs), but more com- 
monly referred to as drones, has led to their increasing use in 
surveys of marine fauna (e.g., Colefax et al., 2017; Hodgson 
et al., 2013, 2017; Kiszka et al., 2016). However, few pub- 
lished studies are currently available, and methods for 
employing this new and quickly advancing technology are 
still being developed. This chapter provides an overview of 
methods and assumptions that are common to aerial surveys 
regardless of the type of platform used, describes the aerial 
platforms and their associated benefits and drawbacks, and 
highlights past studies using aerial methods. The chapter 
closes with an eye toward the opportunities ahead as UAV 
technology improves. 


4.2 BENEFITS OF AERIAL SURVEYS 


There is no question that aerial methods are not applicable 
for the majority of elasmobranch species that spend either 
all or the vast majority of their lives far from the surface or 
in turbid waters. There are, however, benefits to using aerial 
methods for those species that are accessible. First, relative 
to most methods that involve fishing or video surveys, air- 
craft can cover vast distances in relatively short time peri- 
ods (Burks et al., 2006; Laran et al., 2017). Second, if flight 
patterns are appropriate, there is a low probability of dou- 
ble-counting individuals due to the speed of surveys. Photo- 
identification (see Chapter 12 in this volume) and tagging 
can also reduce this challenge, but video methods in particu- 
lar can be susceptible to this bias (see Chapter 7 in this vol- 
ume). Finally, almost all methods for assessing abundance 
measure indices of relative abundance, and it is extremely 
difficult or impossible to link these relative measures to real 
abundances or densities in habitats. In aerial surveys, if par- 
ticular assumptions are met, it is possible to sample known 
areas and to estimate absolute densities. 


4.3 METHODOLOGICAL CONSIDERATIONS 
4.3.1 Aerial Survey Methods for Assessing 
Abundance and Density 


Regardless of aircraft type, two sampling methods are gener- 
ally used in aerial surveys aimed at assessing abundances or 
densities: line and strip (or “belt’’) transect surveys (Buckland 
et al., 2001). In both methods, the design is comprised of a set 
of straight lines spread through a given study area, and sur- 
veys are performed by one or several observers. In line tran- 
sect surveys, it is assumed that the probability of detection 
decreases with distance from the transect line. The detection 
function g(x) describes the probability of detection as a func- 
tion of perpendicular distance from the line x. It is related to 
the probability density function of the perpendicular distance 


Jf), which is g(x) rescaled so that the area under the curve 


equals 1. If g(0) = 1, then the density of species D is 


pet 
2L 


Strip transect methods assume that all targeted objects are 
detected within a predetermined distance from the observer 
(the “strip”) that is surveyed (e.g., Marsh and Sinclair, 
1989, Pollock et al., 2006). It is critical, therefore, that the 
strip width is not so large that the probability of detection 
decreases at the edges of the strip. In some cases, especially 
for UAV surveys that record data to video, the strip transect 
approach is easily applied as videos can be watched multiple 
times to ensure that all animals are recorded and there is 
no decrease in detection probability with distance from the 
transect line (Kiszka et al., 2016). 

Critical to analyses of strip transect data, especially 
when calculating densities of animals, is determining the 
total area that was surveyed. Calculating the length of strips 
is fairly straightforward using Global Positioning System 
(GPS) points for the beginning and end of surveys, but cal- 
culating the strip width can be more challenging. Because 
errors in calculating strip width can have large effects on the 
estimated area surveyed and, by extension, density estimates, 
care should be taken in measuring strip width. Because there 
can be errors associated with reported altitudes of drones 
and the shooting angles of cameras, ground-truthing these 
measurements is important. For example, a laser rangefinder 
can measure drone altitude at the beginning and end of a 
transect, and the width of a transect can be estimated using 
markings on the ground or the size of a known-length object 
in the video frame. Statistical analysis of strip transect data is 
greatly simplified compared to line transect surveys because 
distances of detected animals from the transect line are not 
measured (Buckland and York, 2009); however, both types of 
sampling must account for availability and perception biases. 
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Table 4.1 


Review of Published Studies Investigating Shark Distribution, 


Abundance, and Ecology Using Manned Aerial Survey Methods 


Species Involved 


Elasmobranchii 


Carcharhinus 
limbatus 


Cetorhinus 
maximus, 
Prionace glauca, 
Sphyrna spp. 


Carcharhodon 
carcharias 


Cetorhinus 
maximus 


Carcharhodon 
carcharias, 
Cetorhinus 
maximus 


Negaprion 
brevirostris 


Rhincodon typus 


Hammerhead 
sharks 


(Sphyrna spp.) 


Aircraft Type 


High-wing aircraft 
(BN2) 


Cessna 172 


Robinson R22 
helicopter 


High-wing, 
twin-engine 
Cessna 337 


Ultralight aircraft 
(Wizard J-3) 

Cessna 172, 
Beechcraft 35 
Bonanza, Piper 
Pa-28, Piper 
PA-31-350 
Navajo Chieftain 


Cessna 172, 206 


Top-wing aircraft 


Cessna 206 


DeHavilland Twin 
Otter turbine 
engine 

Cessna 182 


Cessna 207, 
ultralight aircraft 


Twin-engine 
Beechcraft AT-11 


Effort 
(Study Period) 


89,000 km 
(December 
2009-April 2010) 


Biweekly surveys 
(February 4, 
2011—April 17, 2013; 
January 4—April 1, 
2014) 


(1978-1982) 


43 flights, 2317 
minutes of effort 
(2010-2012) 


10,570-km? survey 
area (1962-1985) 


(September 2009; 
September 2011) 


(Summer, 
1977-2007) 


(1948-1950) 


5 flights (1979-1982) 


8 flights (2007-2008) 


(1989-1992) 


8245 km 
(2001-2005) 


61 flights, 105 hours 
of effort 
(2005-2009) 


89,369 km 
(1989-1998) 


109 days of survey 
flights (1996-2002) 


70 survey days 
(2006-2008) 


2664 km 
(1980-1981) 


Study Area 


Southwest Indian 
Ocean 


Southeast coast 
of Florida 


Northeast coast 
of the United 
States 


Algoa Bay, South 
Africa 


Central and 
southern 
California coast 


Lower Bay of 
Fundy, Canada 


Gulf of St. 
Lawrence and 
adjacent waters 
in Canada 


Monterey Bay, 
California 


Bimini, Bahamas 


Bimini, Bahamas 


Ningaloo Reef, 
Western 
Australia 


Northern 
KwaZulu-Natal, 
South Africa 

Yucatan 
Peninsula, 
Mexico 

Northern Gulf of 
Mexico 


Southwestern 
Gulf of California 

Yucatan 
Peninsula, 
Mexico 


East coast of 
Florida 


Speed; 
Altitude 


167 km/hr; 
182m 


150 km/hr; 
150m 


90 km/hr; 
300 m 


204 km/hr; 
305 m 


35 km/hr; 
50-70 m 


185 km/hr; 
100 m 


370m 


184 km/hr; 
305 m 


500 m 


200 km/hr; 
229m 


330 m 


250 m 


222 km/hr; 
91-228 m 


Survey 
Objective 


Marine 
megafauna 
diversity 
abundance and 
habitats 


Seasonal 
abundance 


Marine mammal 
distribution and 
abundance 


Abundance and 
habitat 
preferences 


Abundance 


Density and 
abundance 


Northern right 
whale 
abundance 


Abundance and 
distribution 


Habitats and 
behavior 


Abundance 


Distribution and 
abundance 


Distribution and 
abundance 


Abundance and 
foraging 
ecology 

Cetacean 
abundance 


Distribution 
Feeding ecology 
Seasonal 


abundance and 
distribution 


Refs. 


Laran et al. 
(2017) 


Kajiura and 
Tellman 
(2016) 


Kenney et al. 
(1985) 


Dicken and 
Booth (2013) 


Squire (1990) 


Wesigate et 
al. (2014) 


Campana et 
al. (2008) 


Squire (1967) 


Grubber et al. 
(1988) 


Kessel et al. 
(2013) 


Taylor (1996) 


Cliff et al. 
(2007) 


de la Parra 
Venegas et 
al. (2011) 

Burks et al. 
(2006) 


Ketchum et 
al. (2013) 


Motta et al. 
(2010) 


Jennings 
(1985) 
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4.3.2 Availability and Perception Biases 


Two major biases associated with aerial surveys that must 
be taken into account in any study are availability bias and 
perception bias. Availability bias describes the potential for 
animals to be unavailable for counting (Marsh and Sinclair, 
1989). For example, individuals may be too deep in the water 
column to be detected, or they may be undetectable hid- 
ing in sediment or over substrates where they are cryptic. 
Environmental conditions such as water visibility, sun glare, 
and sea conditions can greatly affect availability (e.g., Robbins 
et al., 2014). It is important, therefore, to have empirical data 
on the detectability of targeted species at varying depths. 
Decoy experiments are one way to assess the maximum 
depth at which an animal can be seen (Westgate et al., 2014). 
Although correcting for the effects of environmental factors 
is important to accurately assess abundance, understanding 
how animal behavior influences availability bias may be even 
more critical. The vast majority of elasmobranchs will not be 
found at depths shallow enough to be observed from the air 
for long periods of time. If the availability of elasmobranchs 
being targeted for aerial surveys varies spatiotemporally or 
with variation in environmental conditions (e.g., tempera- 
tures), it is possible that differences in abundances measured 
from the air will not reflect true differences in abundance but 
rather will reflect behavioral changes in response to environ- 
mental variation (e.g., Thomson et al., 2012). Because elas- 
mobranchs modify their habitat use patterns in response to 
environmental conditions (e.g., Sims 2003) and likely their 
use of surface and shallow waters, availability bias should 
be explicitly considered in aerial surveys of sharks and rays. 
Studies of elasmobranch behavior, such as those using time— 
depth recorders, animal-borne video (see Chapter 5 in this 
volume), or active acoustic tracking with depth sensors (see 
Chapter 8 in this volume) likely will be necessary for the 
species and location of surveys, as extrapolations from other 
contexts might not be appropriate or applicable. 

Perception bias refers to variation in the probability of 
detecting targeted objects that are available to be observed. 
This problem is particularly important to consider during 
manned aerial surveys that do not record transects to video, 
because observers have a very limited amount of time to 
detect animals and estimate the number of individuals 
before they pass out of view. Methods to estimate perception 
bias include the use of two independent observers on both 
sides of the aircraft in combination with a mark—recapture 
model (Pollock et al., 2006). Increasingly, still photography 
and video have been employed during aerial (particularly 
strip transect) surveys (Kajiura and Tellman, 2016), and 
video is used to document UAV flights. Video recordings 
can greatly reduce or eliminate perception bias and have the 
potential to greatly improve size estimates of aggregations, 
which in turn will improve abundance estimates (Buckland 
et al., 2012). It is important, however, to have more than a 


single observer review videos, as individuals can still be 
missed during annotation. Methods developed to ensure 
accurate counts during underwater video monitoring data 
(see Chapter 7 in this volume) can be applied to video data 
from aerial surveys. 

To date, there have been two published studies aimed at 
assessing detection rates of large sharks during aerial sur- 
veys in coastal waters (Robbins et al., 2014; Westgate et al., 
2014). In Jervis Bay, Australia, Robbins et al. (2014) investi- 
gated the ability of observers to detect 2.5-m shark analogs 
at known depths (0 to 5 m) from airplanes and helicopters 
from an altitude of 150 m (Figure 4.1). Analogs could only 
be detected at shallow depths: 2.5 m and 2.7 m for airplanes 
and helicopters, respectively (SE = 0.1 in both cases). The 
deployment of the analogs at shallower depths along a 5-km 
grid resulted in detection rates of only 25.5% and 17.1% for 
fixed-wing and helicopter surveys, respectively, highlight- 
ing the possibility that aerial beach patrols to prevent shark— 
human interactions might not be effective (Robbins et al., 
2014). An important consideration for analog experiments, 
however, is how the swimming motion of the shark as well 
as the specific color relative to the background might influ- 
ence the probability of detection for a specific set of condi- 
tions. Further work is needed on this topic. 

A final consideration is that line and strip transect meth- 
ods assume that animals do not move (or do not respond 
to the survey platform). If they do, it is assumed that the 
effect is negligible if the movement is random and animal 
speed is slow relative to the survey platform (Glennie et al., 
2015; Hodgson et al., 2017). Most aerial surveys (manned 
and unmanned) are carried out at relatively low altitudes 
and might impact the behavior of focal species, which could 
affect their availability. 


4.4 TYPES OF AERIAL PLATFORMS: 
STRENGTHS, WEAKNESSES, 
AND CONSIDERATIONS 


Manned aerial vehicles have the advantage of being able to 
cover vast areas over relatively short periods of time (Buckland 
et al., 2001); however, their use can be limited by the avail- 
ability of airfields, and they are costly (e.g., Colefax et al., 
2017; Marsh and Sinclair, 1989; Robbins et al., 2014). So far, 
most marine megafauna surveys (including those dedicated to 
sharks) have been conducted using manned aircraft (includ- 
ing small planes, helicopters, and ultralights). However, the 
increasing accessibility of UAVs since the late 2000s has 
shifted interest to using this technology due to the low cost 
and availability of smaller platforms. There is also an interest 
in whether UAVs could outperform manned aircraft in aerial 
surveys, although limited research has been conducted to test 
this hypothesis (Colefax et al., 2017). It is unlikely, however, 
that easily obtainable UAVs will soon be able to replace the 
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Figure 4.1 Shark analogs used by Robbins et al. (2014) in Jervis Bay, Australia. (Photograph by William D. Robbins.) 


ability of manned aircraft to survey extensive areas. The 
use of military-grade UAVs, though, could equal or exceed 
the capacities of manned aircraft commonly used in marine 
megafauna surveys (Hodgson et al., 2013, 2017). The use of 
digital surveys during both manned and UAV aerial surveys 
will address issues commonly documented for surveys based 
on real-time observer data (such as the use of multispectral 
cameras and other sensors to reduce or alleviate perception 
biases) (Buckland et al., 2012; Colefax et al., 2017). 

An added benefit of UAV surveys is the safety afforded to 
operators. Although still quite safe given the number of hours 
researchers have spent in the air, at least five aircraft crashes 
have resulted in the deaths of 11 marine mammal researchers 
(Hodgson et al., 2013). Although UAV survey methods pose 
a limited risk, they are still considered as hazardous for civil 
aviation, and many countries around the world have recently 
adopted restrictions that will considerably limit the use of 
these platforms. For this reason, researchers are spending an 
increasing amount of time obtaining permits and certifica- 
tions to operate these platforms (Vincent et al., 2015), which 
will impact their use in the future. 

Finally, manned and unmanned aerial methods generate 
very different levels of disturbance for wildlife, including 
elasmobranchs. UAVs generate less noise in the environment 
than most manned aircraft and thus may have less impact 
on the behavior of study species. A careful evaluation of the 
risks of disturbance, however, should be undertaken before 
carrying out any field research (Hodgson and Koh, 2016). 
Although only used in a single study on elasmobranchs to 
date (Nosal et al., 2013), helium-filled balloons tethered to 
boats can also provide data on sharks and rays. Balloons 


offer the benefit of extremely long periods aloft. In situations 
where observations of sharks are constrained to small areas, 
a balloon could provide data over long time periods without 
the need to continually monitor the platform. Tethering the 
balloon to a boat allows larger areas to be surveyed from 
the air, although the potential for disturbance from the boat 
could limit the types of questions that can be addressed 
with this platform. Furthermore, due to the poor or limited 
maneuverability of balloons, potential impacts to other air- 
craft must be considered. 


4.5 MANNED AERIAL SURVEYS 


Most studies of elasmobranchs that use aerial survey meth- 
ods have been carried out using small airplanes, ultralight 
motorized aircrafts, or helicopters (e.g., Cliff et al., 2007; 
Gruber et al., 1988; Kessel et al., 2013; Rowat et al., 2009). 
Studies using manned aircraft have generally focused on 
assessing the distribution and relative abundance of species, 
including how oceanographic variables influence elasmo- 
branch encounter rates, but research questions and ecosys- 
tems sampled have varied considerably (e.g., Burks et al., 
2006; Campana et al., 2008; Cliff et al., 2007; Rowat et al., 
2009; Westgate et al., 2014). Some studies using aerial meth- 
ods have also identified critical habitats for species with 
high tourism value and assessed the potential for developing 
shark viewing activities (Cliff et al., 2007). Others have used 
aerial survey methods to monitor the risk of interactions 
between dangerous shark species and recreational activities, 
such as surfing and bathing (Lemahieu et al., 2017). 
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4.5.1. Abundance, Distribution, 


and Habitat Preferences 


Large elasmobranchs are most commonly targeted for aerial 
surveys (Cliff et al., 2007; Rowat et al., 2009; Westgate et 
al., 2014), because detecting smaller species (e.g., <2.5-m 
sharks) at depths greater than approximately 2 m is chal- 
lenging (Robbins et al., 2014). Thus, it is not surprising 
that whale sharks (Rhincodon typus) and basking sharks 
(Cetorhinus maximus), and to a lesser extent white sharks 
(Carcharodon carcharias), are the species studied most by 
manned aircraft. A small number of studies, however, have 
focused on smaller species in habitats where sharks are eas- 
ily detectable (e.g., shallow and clear waters) (Gruber et al., 
1988; Kajiura and Tellman, 2016; Kessel et al., 2013). 

The first reference to the use of aircraft surveys to inves- 
tigate shark distribution and occurrence is Squire (1967), 
who conducted aerial surveys in Monterey Bay from 
February 1948 to October 1950, while fish spotters assisted 
commercial harpooners targeting basking sharks (Table 
4.1). During monthly surveys conducted in the bay, white 
and mako sharks (/surus spp.) were also recorded. These 
surveys provided data on the occurrence of sharks relative to 
sea surface temperature (Squire, 1967). Off the north coast 
of KwaZulu-Natal, South Africa, aircraft surveys between 
2001 and 2005 investigated potential development of the 
whale shark diving industry (Cliff et al., 2007) (Table 4.1). 
Surveys revealed that whale sharks occur at relatively low 
densities off KwaZulu-Natal and may have declined in the 
northern part of the province since the mid-1990s (Cliff et 
al., 2007). Off Ningaloo Reef in Western Australia, whale 
shark seasonal distribution has been investigated to delin- 
eate their broad-scale occurrence (Taylor, 1996). Seasonal 
aggregations of whale sharks have since been monitored 
using a combination of boat-based and aerial surveys, as 
well as from log sheet data recorded by the tourism industry 
(Wilson et al., 2001). Along the Caribbean coast of Mexico, 
off the Yucatan Peninsula, aerial surveys were also con- 
ducted to assess the distribution and abundance of whale 
sharks and other elasmobranchs, including manta and devil 
rays (Mobula spp.) and cownose rays (Rhinoptera bonasus) 
(de la Parra Venegas et al., 2011). When zig-zag surveys 
were conducted from 2005 to 2009 (May to September) 
with a Cessna 206 aircraft flying at 500 m, 2295 whale 
shark sightings were recorded. This study highlights the 
ability of aerial surveys to provide minimal estimates of 
the size of whale shark aggregations that are not possible 
using other survey methods, such as boat-based surveys 
(de la Parra Venegas et al., 2011). Off southern California, 
at Bahia de La Paz, the relative abundance of whale shark 
aggregations has been studied using a combination of aerial 
and ship surveys (Ketchum et al., 2013) to investigate the 
drivers of their occurrence, as well as sex and size segre- 
gation in relation to their prey (zooplankton). Adults and 
juveniles appear to be spatially segregated, with juveniles 


occurring in coastal shallow and more turbid waters and 
adults feeding offshore. The combination of aerial and 
ship-based (including prey sampling) surveys advanced our 
understanding of the effects of habitat conditions and prey 
composition on whale shark distribution and foraging tac- 
tics (Ketchum et al., 2013). 

Aerial surveys have also proved to be important for elu- 
cidating abundance and population trends of basking sharks. 
Surveys using fixed-wing aircraft cover areas that are not 
feasible using ships. In the lower Bay of Fundy in Canada, 
the conservation status of basking sharks is poorly known. 
Two day-long line transect aerial surveys were conducted 
in 2009 and 2011, during which 26 sightings were recorded 
(Westgate et al., 2014) (see Table 4.1 for details). Corrected 
density estimates to account for availability biases using 
dive data were generated in both years (2009: 0.0513 shark 
per km’, 95% CI = 0.0188—0.1402; 2011: 0.0598 shark per 
km?, 95% CI = 0.0358—0.1001), corresponding to an abso- 
lute abundance of 542 sharks in 2009 (95% CI = 198-1482) 
and 632 in 2011 (95% CI = 377-1058), occupying a 10,570- 
km? area in the lower Bay of Fundy (Westgate et al., 2014). 

A number of studies using manned aircraft have inves- 
tigated the distribution and abundance of smaller shark 
species, such as white sharks (Dicken and Booth, 2013), 
hammerhead sharks (Sphyrna spp.) (Jennings, 1985), lemon 
sharks (Negaprion brevirostris) (Kessel et al., 2013), and 
blacktip sharks (Carcharhinus limbatus) (Kajiura and 
Tellman, 2016). Along the southeast coast of the United 
States, especially off Palm Beach County in Florida, large 
aggregations of blacktip sharks have been studied using a 
Cessna 172 aircraft (Kajiura and Tellman, 2016) (Table 
4.1). High-definition video and digital still cameras were 
used to provide a continuous record of transects along the 
coast (Figure 4.2), allowing perception bias to be mini- 
mized. Because surveys were conducted in shallow and 
relatively clear waters, availability bias was minimal, and 
it was possible to derive shark density estimates. Blacktip 
shark abundance peaked from January to March and was 
inversely correlated with sea surface temperature. Sharks 
were only observed in waters that were <25°C. This study 
has generated important baseline data on shark abundance 
that will allow assessment of how climate change and other 
human impacts might affect the migration of blacktip sharks 
along the southeast coast of the United States (Kajiura and 
Tellman, 2016). 

The abundance of lemon sharks in the shallow and clear 
waters of Bimini, the Bahamas, has been investigated using 
a variety of manned aircraft (small planes and ultralights) 
(Gruber et al., 1988; Kessel et al., 2013). The spatial distribu- 
tion and abundance (mean abundance of 49 + 8.6 in the study 
area) of lemon sharks could be linked to time of year and 
tidal movements, showing that aerial survey methods gen- 
erate reliable shark abundance estimates in shallow coastal 
marine habitats (Kessel et al., 2013). In Bimini, the low 
altitudes and clear water allowed species to be individually 
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Wing strut 


Figure 4.2 Sample frame from a high-definition video from a blacktip shark aggregation off the coast of Florida. The collection of video 
data during aerial surveys provides precise counts of sharks observed; here, 1678 sharks can be counted. (From Kajiura, 


S.M. and Tellman, S.L., PLoS ONE, 1, 0150911, 2016.) 


identified during surveys. Nurse (Ginglymostoma cirratum), 
blacktip, tiger (Galeocerdo cuvier), and bull (Carcharhinus 
leucas) sharks were also reliably identified during surveys. 
Off Cape Canaveral, Florida, hammerhead shark dis- 
tribution in relation to the Gulf Stream and time of year 
was investigated using a twin-engine Beechcraft AT-11 
airplane. The presence of hammerheads was linked to sea 
surface temperature (Jennings, 1985). Species identity, how- 
ever, could not be determined. In Algoa Bay, South Africa, 
helicopter surveys over bathing beaches were carried out 
to investigate the inshore nursery habitats of white sharks 
(Table 4.1). Observations of juvenile and young-of-the-year 
white sharks were correlated with barometric pressure and 
sea surface temperature (Dicken and Booth, 2013). 
Observers have regularly collected shark sightings dur- 
ing studies directed at other taxa (e.g., marine mammals, 
sea turtles), which has enabled opportunistic observations 
on distribution in areas where information is limited. From 
October 1978 to January 1982, cetacean and sea turtle sur- 
veys were conducted along the Atlantic coast between Cape 
Hatteras, North Carolina, and Cape Sable, Nova Scotia, 
from the shoreline to about 9 km offshore (nearly 2000-m 
isobaths) (Kenney et al., 1985). Nearly 1700 shark sightings 
from at least three species were collected, including bask- 
ing, blue (Prionace glauca), and hammerhead sharks, high- 
lighting some spatial and seasonal patterns in occurrence of 
these species (Kenney et al., 1985). Similarly, in the north- 
ern Gulf of Mexico, extensive year-round cetacean surveys 
were conducted between 1989 and 1998 (89,369 km sur- 
veyed) in slope waters (100 to 2000 m). A total of 81 whale 


shark sightings (119 individuals) were collected (Burks et al., 
2006). Whale sharks were more common during the summer 
than the winter in the eastern Gulf, whereas encounter rates 
were higher in summer than in winter in the western por- 
tion of the Gulf. Moreover, aggregations were only observed 
in summer and winter, but the number of individuals was 
significantly higher during the summer (Burks et al., 2006). 
Along the Atlantic coast of Canada, aerial surveys initially 
dedicated to assess northern right whale (Eubalaena glacia- 
lis) abundance in the Bay of Fundy, on the Scotian Shelf, and 
off Newfoundland provided uncorrected abundance esti- 
mates of basking sharks, with more than 10,000 individuals 
estimated in 2007 (Campana et al., 2008). Similarly, aerial 
surveys targeting commercial fish species were conducted 
off the central and southern California coasts from 1962 to 
1985 and documented the seasonal distribution and occur- 
rence of basking sharks (Squire, 1990). 

Off the coast of Kenya, where information on the distribu- 
tion and abundance of sharks (and other marine megafauna) 
is largely nonexistent, a countrywide aerial survey (mostly 
dedicated to marine mammals) was carried out in November 
1994 in coastal waters (Wamukoya et al., 1996). A total of 
37 whale sharks, 15 large sharks (unidentified species), and 
63 batoids were recorded with concentrations of all species 
in Ungwana Bay (Wakumoya et al., 1996). Today, these data 
still represent the only source of fisheries-independent sur- 
veys in this country (for a review, see Kiszka and van der 
Elst, 2015). More recently, large-scale aerial surveys using 
a high-wing aircraft (BN2) were carried out in the south- 
western Indian Ocean, primarily to assess the distribution, 
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abundance, and habitat preferences of cetaceans and seabirds 
(Laran et al., 2017). These surveys have covered all available 
habitats present in the region, including shelf, slope, and oce- 
anic waters. Only the whale shark could be identified to the 
species level during surveys, but mobulid rays (Mobula spp., 
including manta and devil rays) and hammerhead sharks 
(Sphyrna spp.) could be identified at the genus level. Areas 
with higher encounter rates were the Seychelles and the 
Mozambique Channel, and whale sharks were only reported 
in the northern and central Mozambique Channel and east 
of Madagascar (Laran et al., 2017). This study produced the 
first regionwide description of the distribution of large elas- 
mobranchs in the southwest Indian Ocean. 

Overall, aerial surveys that are not dedicated to elasmo- 
branchs have considerably advanced the knowledge on their 
distribution and occurrence in data-poor regions. Aerial sur- 
veys, such as those in the southwest Indian Ocean, have been 
conducted in many regions around the world, but few studies 
have been published to date. Because of the need for even 
basic data in poorly studied regions, analyzing these types 
of data should be a priority. 


4.5.2 Behavior 


Manned aerial surveys have provided insights into the feed- 
ing and social interactions of sharks. Although unique and 
undocumented behaviors have been inferred from manned 
aerial surveys, limited quantitative data are available. Off 
Bahia de La Paz, in the Gulf of California, a combination 
of ship and aerial-based surveys provided insights into the 
effects of prey composition on whale shark feeding tactics 
(Ketchum et al., 2013). Adult whale sharks fed by ram-filter- 
ing on diffuse patches of euphausiids, whereas juveniles (<9 
m in total length) fed in coastal waters on copepods by per- 
forming stationary suction feeding (Ketchum et al., 2013). 
At Cabo Catoche, on the Yucatan Peninsula in Mexico, the 
largest whale shark aggregation ever reported was docu- 
mented during aerial surveys (de la Parra Venegas et al., 
2011). Off the island of Bimini in the Bahamas, ultralight 
aircraft were used to study the social behavior and group 
formation of lemon and bonnethead (Sphyrna tiburo) sharks 
(Gruber et al., 1988). In the Gulf of Maine, aerial photo- 
graphs were used to document schooling patterns (e.g., eche- 
lon, cartwheel) of basking sharks and their possible function 
for courtship (Wilson, 2004). Similar schooling behaviors 
have also been documented during opportunistic aerial 
observations from a helicopter off Nova Scotia (Harvey- 
Clark et al., 1999). 


4.5.3 Other Applications 
Sharks have been surveyed from manned aircraft to facili- 


tate fishing operations (Squire, 1967) and to patrol beaches. 
Low detection rates of sharks off beaches in New South 


Wales, Australia, suggest that aerial patrols might not be 
an effective early-warning system to prevent shark—human 
interactions (Robbins et al., 2014). In the southwestern 
Indian Ocean, off Réunion Island, aerial surveys were car- 
ried out to assess the distribution of ocean users (surfers, 
swimmers, snorkelers, and paddle boarders) across inshore 
waters and were correlated with acoustic tagging data from 
bull and tiger sharks to identify spatial and temporal over- 
lap (Lemahieu et al., 2016). Three coastal hotspots were 
identified as having high probabilities of interaction with 
sharks, and these areas coincided with locations of shark 
bites on people. 


4.6 UNMANNED AERIAL SURVEYS 


Rapid developments in commercially available UAVs, includ- 
ing miniaturization, enhanced image quality, improved 
flight times, and better automation of flight, combined with 
decreasing costs have dramatically increased their use by 
researchers, including marine biologists (Anderson and 
Gaston, 2013; Christie et al., 2016). In addition to off-the- 
shelf UAVs, researchers have also been able to gain access 
to more advanced UAVs developed for military and com- 
mercial purposes (Hogdson et al., 2013, 2017). UAVs have 
been used to study the distribution, abundance, and behav- 
ior of terrestrial and marine wildlife and how human activi- 
ties can impact their populations (Anderson and Gaston, 
2013; Christie et al., 2016; Hodgson et al., 2013; Kiszka et 
al., 2016). UAVs are generally equipped with high-resolu- 
tion video cameras for continuous recording of data, which 
enables postprocessing videos to enhance detection rates, 
improve species identification, and more accurately quan- 
tify group sizes (Hodgson et al., 2016; Kiszka et al., 2016). 
Today, UAVs are user friendly, compact, and relatively inex- 
pensive and can be launched from field sites without the 
need for major infrastructure. 

There is a variety of UAV designs, but their main dis- 
tinction is related to their size, power, operating altitude, 
and range. Large UAVs (e.g., NASA’s Ikhana unmanned 
aircraft system) operate over large distances (about 500 
km) for up to two days and reach an altitude of 20 km, 
whereas medium platforms can operate for about 10 hours 
at a maximum altitude of 4 km but at a similar range as 
large drones (Anderson and Gaston, 2013). However, the 
most commonly used platforms (either fixed-wing or rotor- 
based UAVs) are small and operate within a 10-km range at 
a low altitude (less than 1000 m). They can fly for periods 
of less than 2 hours but most commonly less than an hour 
(for a detailed review of the various UAV platforms, see 
Anderson and Gaston, 2013). 

In comparison to manned aerial surveys, the use of UAVs 
is relatively new. At the time of the writing of this chap- 
ter, only one published study focusing on elasmobranchs 
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Figure 4.3 Screen shots of (A) a blacktip reef shark (Carcharhinus melanopterus) and (B) a pink whipray (Himantura fai) on the reefs and 
sandflats of Moorea (French Polynesia) during unmanned aerial vehicle (UAV) surveys (Kiszka et al., 2016). 


was available (Kiszka et al., 2016), although there are a 
number of UAV-based studies on marine mammal distri- 
bution, reproductive biology, and population dynamics 
(Christiansen et al., 2016; Hodgson et al., 2013, 2017; Koski 
et al., 2009, 2015). In the single elasmobranch-focused UAV 
study, transect surveys were conducted using a micro-UAV 
(DJI Phantom II®) over the reefs of Moorea in the Society 
Islands, French Polynesia. Surveys were flown at an alti- 
tude of 12 m, and surveys were conducted under Beaufort | 
wind conditions to avoid perception biases. Visibility 
allowed the sea floor to be viewed, making availability bias 
close to zero, so the authors assumed every targeted object 
was detected during the surveys. These surveys provided 
data on fine-scale variation in densities of blacktip reef 
sharks (Carcharhinus melanopterus) and pink whiprays 
(Himantura fai) in relation to habitat type, shark tourism, 
and provisioning activities (Kiszka et al., 2016) (Figure 4.3). 
Provisioning activities for tourism had a significant impact 
on the densities of blacktip reef sharks and pink whiprays, 
but these density increases were confined to relatively small 
areas (Kiszka et al., 2016). Small rotor-based UAVs have 
great potential for studies of shark and ray densities and 
behavior in coastal and shallow ecosystems, whereas larger 
platforms provide some of the benefits of manned aircraft 


over larger spatial scales and further offshore. There, 
remains, however, a need to quantify availability biases to 
correctly estimate densities, as elasmobranchs spend most 
of their time too deep to be detected. Rotor-based platforms 
also have a great potential to record data on the behavior 
and distribution of sharks and rays (Figure 4.4), includ- 
ing their feeding tactics and social behavior when they 
occur close to the surface (e.g., large planktivorous species 
such as whale sharks and mobulid rays, basking and white 
sharks, reef sharks in shallow sandy habitats and patch 
reefs), because they can remain stationary or slowly travel 
with animals. In inshore and clear waters, the social inter- 
actions of elasmobranchs and their interaction with other 
species such as teleosts could be easily documented without 
impact on studied animals. Because UAVs can be operated 
at a low cost compared to manned aircrafts, they also have 
a greater potential to monitor potentially dangerous shark 
species where recreational activities, such as bathing and 
surfing, could interact with these animals. Finally, because 
UAVs are so accessible and can be operated easily, they 
also provide opportunities to generate educational videos 
on natural systems and wildlife, including sharks and rays 
in their natural habitats, and to raise awareness on marine 
conservation in general. 
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Figure 4.4 Whale shark aggregation in the Gulf of Mexico from a micro-UAV survey. (Photograph by Simon J. Pierce.) 


4.7 OTHER PLATFORMS 


Aerial photography using helium-filled balloons tethered to 
boats has been used to study the spatial behavior and social 
interactions of various species, including coastal bottlenose 
dolphins (Tursiops truncatus) (Lewis et al., 2011). The spa- 
tial distribution, abundance, and orientation of leopard sharks 
(Triakis semifasciata) was studied off the southern Californian 
coast using a 1.8-m diameter helium-filled balloon tethered 45 
m above the surface. Aerial photographs taken every 1.25 sec- 
onds using a digital camera were used to assess the behavior 
of this species near the head of a submarine canyon (Nosal et 
al., 2013). Although limited in the situations in which they can 
be deployed, tethered balloons offer potential to gather data 
over long time periods in the right situations. 


4.8 IMPLICATIONS FOR CONSERVATION 


AND MANAGEMENT 


When appropriate corrections are applied, aerial surveys 
represent a unique source of spatially explicit data to iden- 
tify habitats for elasmobranchs, which potentially includes a 
number of globally and regionally endangered species. Past 
studies have identified critical habitats and the location of 
aggregations of sharks in coastal environments (e.g., de la 
Parra Venegas et al., 2011). In shallow coastal or reef-associ- 
ated habitats, manned and unmanned aerial surveys can pro- 
vide a unique opportunity to document the effects of human 


disturbance on the distribution and possibly absolute densi- 
ties of sharks and rays (e.g., Kiszka et al., 2016). Overall, 
aerial survey methods represent a major opportunity to gen- 
erate important information on the distribution, abundance, 
and behavior of elasmobranchs in a variety of ecosystems 
and contexts. This type of information is critical to detect- 
ing spatial and temporal changes in distribution, habitat, and 
abundance in relation to ongoing impacts, including fisher- 
ies, disturbance, and climate change. 


4.9 SUMMARY AND CONCLUSION 


In comparison to other methods, such as fishing, diver, or 
video camera surveys, aerial surveys have not been com- 
monly used to study elasmobranchs; however, they represent 
a unique and independent source of data on epipelagic and/or 
shallow-water species. They are particularly useful for stud- 
ies of large species such as mobulid rays and whale sharks, 
as well as species occurring in shallow waters or close to 
the surface during migration events. Because of the inher- 
ent limitations of aerial surveys and observations of species 
that spend their entire lives underwater, most applications 
of aerial technology will require, or be greatly enhanced by, 
the incorporation of other methods (e.g., boat-based surveys, 
active tagging and tracking). These approaches should be 
encouraged, as aerial surveys can cover extended areas, but 
details on the behavior of sharks and the composition and 
patch structure of their prey are lacking. 
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5.1 INTRODUCTION 


Animal-borne cameras first appeared over 100 years ago, 
when pigeons fitted with camera collars captured black- 
and-white images of buildings and streets during flight, and 
were even used as spies in World War II. Since those early 
days, camera technology has evolved tremendously, allow- 
ing these devices to shrink drastically yet attain the capacity 
to record hours of color video (Figure 5.1). These techno- 
logical advancements have made miniature animal-borne 


cameras attractive tools for documenting animal behaviors 
that are difficult or impossible to observe directly. These 
cameras are often integrated into multi-sensor packages col- 
lectively referred to as animal-borne video and environmen- 
tal data collection systems (AVEDs), which are providing 
new understandings of the foraging ecology, habitat selec- 
tion, and social behaviors of animals in terrestrial, aquatic, 
and aerial environments (Moll et al., 2007). Arguably, some 
of the greatest insight provided by AVEDs has come from 
deployments on marine taxa because these animals reside in 
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Miniaturization of AVEDs since the 1990s: (A) The original Little Leonardo tag and (B) its attachment to a Weddell seal. (C) 


The next smaller generation of still-picture cameras in 2003 and attachment to a smaller Baikal seal. (D,E) By 2010, the cam- 
era and other sensors were small enough to attach to penguins. (F) A tiger shark fitted with a 1990s-era National Geographic 
Crittercam. (G) A 1.5-m gray reef shark fitted with a Little Leonardo camera in 2013. 


a highly concealing environment and are almost impossible 
to observe via other methods. Despite recent advancements, 
the use of AVED technology is still relatively rare in wildlife 
studies, and most species have never been equipped with any 
kind of animal-borne camera; hence, the majority of studies 
are still descriptive and not hypothesis driven (Moll et al., 
2007; but see Heaslip et al., 2014). 

The challenges of device recovery from wide-ranging 
animals that do not return to set locations initially hampered 
the use of AVEDs in shark research (Heithaus et al., 2001). 
However, recent improvements in recovery methods, espe- 
cially the use of satellite telemetry to locate tags that have 
been displaced large distances, have spurred burgeoning use 
of these devices in shark research. In this chapter, we draw 
on the limited number of published shark AVED studies and 
examples from other taxa to highlight the diverse array of 
ecological questions that can be addressed using this tech- 
nology. We discuss important considerations for performing 
studies using AVED and recommend areas of future research. 


5.2 RESEARCH AREAS 


5.2.1 Habitat Selection 

Habitat selection in sharks can be measured using tradi- 
tional sampling methods (e.g., fishing surveys) or telem- 
etry (e.g., active tracking, satellite tracking) (Simpfendorfer 
and Heupel, 2004). However, these methods generally lack 


sufficient resolution to quantify microhabitat use, which 
is often important for testing hypotheses about drivers of 
habitat use. AVEDs allow biologists to observe the exact 
habitat being used and to see how animals behave within 
these habitats. The latter is particularly important for 
studies investigating the role of prey availability in driv- 
ing habitat use decisions, as theoretical models that form 
the foundation for testing predictions are based on habitat 
use during foraging (e.g., Heithaus and Vaudo, 2012). An 
additional benefit of AVEDs, when combined with active 
acoustic tracking (see Chapter 8 in this volume), is the abil- 
ity to more accurately pinpoint the exact habitat in which 
tracked sharks occur. Currently, habitat use is determined 
from the spatial location of the animal, which may have, at 
best, errors of meters (i.e., active tracking may have errors 
of tens of meters), which may lead to inaccuracies when 
calculating habitat selection metrics (Heithaus et al., 2001). 
For example, AVED-equipped tiger sharks (Galeocerdo 
cuvier) in an Australian bay displayed preference for sea- 
grass habitats, particularly along bank edges, and appeared 
to be foraging in these locations, which is consistent with 
several models of foraging habitat use (Heithaus et al., 2002, 
2006). Active tracking alone did not provide the resolution 
to identify bank edge use. AVEDs also revealed that black- 
tip reef sharks (Carcharhinus melanopterus) at a Pacific 
atoll used very shallow back-reef habitats during daytime 
low tides, behavior that likely increases their body tem- 
peratures (Papastamatiou et al., 2015). Although depth and 
temperature sensors revealed blacktip reef shark position in 
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the water column (i.e., that they were swimming very close 
to the surface), the cameras were needed to show that sur- 
face swimming occurred in very shallow back-reef habitats 
(Papastamatiou et al., 2015). Telemetry and computer simu- 
lations were used to show that reef sharks at this same atoll 
partition space, both between and within species, and that 
competition likely plays a role in helping to drive this spatial 
partitioning (Papastamatiou et al., 2018a). However, sharks 
could share space with untagged individuals, which would 
not be apparent from telemetry results. AVEDs were also 
attached to gray and blacktip reef sharks, and no individual 
of the opposite species was ever seen in footage, provid- 
ing further evidence that these species do not share space 
(Papastamatiou et al., 2018a). Finally, cameras on sixgill 
sharks showed that during the day, while at depths of 700 m, 
sharks were often associated with rocky outcrops, although 
the importance of these deep-sea habitats is unknown 
(Nakamura et al., 2015a; Meyer, unpublished data). 

Studies of habitat use are greatly enhanced by knowl- 
edge of prey abundance and encounter rates, but these data 
are notoriously difficult to obtain for sharks. AVEDs offer 
the opportunity to measure the prey fields of predators in 
real time (Hooker et al., 2002). This provides a powerful 
tool for testing optimal foraging predictions by comparing 
and contrasting available prey abundance and encounter 
rates with predator behavior (see next section). Cameras 
were able to quantify prey encounter rates of tiger sharks 
in a subtropical bay (Heithaus et al., 2002) and of oceanic 
whitetip sharks (Carcharhinus longimanus) in the open 
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ocean (Papastamatiou et al., 2018b) (Figure 5.2). Although 
cameras can provide information on immediate prey fields, 
combining AVED studies with broader scale surveys of 
prey, such as using active acoustics (Moursund et al., 2003) 
or transect surveys (Heithaus et al., 2002), will add to the 
suite of questions that AVED-based studies can address. 


5.2.2 Foraging 


Animal-borne video and environmental data collection sys- 
tems have tremendous potential as tools for studying forag- 
ing ecology. Direct validation of foraging in marine species 
is extremely challenging, so researchers often resort to 
analytical methods to infer foraging from patterns of move- 
ment; for example, travel speed, path tortuosity, or diving 
can be used as proxies for foraging activity. However, empir- 
ical studies using stomach temperature measurements from 
free-ranging tuna, seabirds, and elephant seals suggest that 
foraging does not always occur within area-restricted search 
zones (1.e., where movements are tortuous and often assumed 
to represent foraging), emphasizing the need for proper vali- 
dation of mathematically inferred foraging events (Bestley 
et al., 2010; Kuhn et al., 2009; Weimerskirch et al., 2007). 
AVEDs allow the direct observation of feeding events and 
have already been used to validate foraging activity, char- 
acterize hunting strategies, and confirm feeding activity in 
a variety of taxa. One of the best recent examples was the 
use of AVEDs to confirm ocean sunfish (Mola mola) for- 
aging on invertebrates during deep dives (Nakamura et al., 


18.00 


Figure 5.2 Multisensor data loggers with cameras provided insight into the function of diving behavior in an oceanic whitetip shark 
(Carcharhinus longimanus) tagged off Cat Island, the Bahamas. A hidden Markov model was used to analyze acceleration 
data and assign behavioral states (state 1, low activity; state 2, medium activity; state 3, high activity) throughout the dive 
(for details, see Leos-Barajas et al., 2016). The video camera was used to estimate encounter rates with potential prey items 
(i.e., fish and invertebrates other than scyphozoans and pilot fish). Sharks were in a low activity state during dive descent, but 
the apex of the dives coincided with spikes in prey encounter rates and sharks switching to high activity. These observations 
suggest that the goal of these dives was searching for potential prey and foraging. (Photograph of tag on dorsal fin by Y.P. 
Papastamatiou. Data also in Papastamatiou et al., 2018b.) 
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2015b). AVEDs have been used to compare the success of 
solitary vs. group hunting in seabirds and have revealed that 
some seabirds track the position of other predators foraging 
on their prey, rather than the prey themselves (Sutton et al., 
2015; Tremblay et al., 2014). By combining cameras with 
lights, foraging rates of alligators were measured through- 
out the diel period, demonstrating that the highest feeding 
success occurred at night and in the morning (Nifong et 
al., 2014). Tiger sharks were observed chasing several prey 
species over seagrass in a shallow Australian bay, some- 
times using the descent phase of yo-yo swimming to initiate 
attacks on benthic prey (Heithaus et al., 2002). Off Hawaii, 
still cameras suggested that tiger sharks yo-yo dive as a for- 
aging tactic (Nakamura et al., 2011). 

One major constraint of AVED technology is the limited 
camera battery life of the necessarily small devices mounted 
on animals. Short battery life limits the duration of foot- 
age recorded (typically 2 to 12 hours with current devices), 
which reduces the probability of capturing foraging activi- 
ties. This issue is particularly pertinent to sharks, as these 
animals may feed infrequently and sporadically compared 
to marine mammals and seabirds. 

As the majority of sharks and rays are ectotherms, 
they have considerably lower metabolic rates than endo- 
thermic birds and mammals for a given body size; thus, 
they require lower feeding rates in the wild. Furthermore, 
recent shark studies suggest that there can be considerable 
variation among individuals in foraging locations, move- 
ments, and behaviors (e.g., Matich et al., 2011; Towner et 
al., 2016), necessitating sampling a large number of indi- 
viduals. Moreover, answering ecological-scale foraging 
questions requires measuring foraging over periods of days 
to weeks, at the very least. These constraints can be over- 
come by using information from companion sensors, such 
as accelerometers (see Chapter 3 in this volume), which 
require less power than cameras and consequently have 
much longer battery lives (days to months). As an example, 
video cameras were used to calibrate the acceleration sig- 
nals produced by penguins foraging under ice, after which 
accelerometers quantified the feeding rates of these ani- 
mals throughout the day (Watanabe and Takahashi, 2013). 
Similarly, video footage was used to calibrate acceleration 
signals from foraging Hawaiian monk seals and was fur- 
ther combined with GPS tags to map seal foraging activ- 
ity (Wilson et al., 2017). More recently, a white shark was 
successfully filmed using AVEDs when it was chasing and 
attacking a seal (Watanabe et al., in review). The simultane- 
ous accelerometer records showed an intensive burst event 
during the chase. Based on the confirmed seal chase, other 
potential seal chase events were extracted from all accel- 
eration data recorded for multiple individuals, and flexible 
hunting strategies of white sharks were revealed. Similarly, 
gray reef sharks with AVEDs were observed feeding on 
reef fish during the day, and other individual sharks were 
also observed foraging in frame (Papastamatiou et al., in 


review). Despite reef sharks being considered nocturnal 
foragers, these results show that they will also feed during 
the day. These examples demonstrate the utility of AVEDs 
for recording foraging events and calibrating signals, 
which will be especially useful for species that cannot be 
kept in captivity. 

In addition, AVEDs also provide largely untapped poten- 
tial for testing hypothesis-driven predictions (Moll et al., 
2007) in areas such as optimal foraging theory; for example, 
cameras and accelerometers were used to show that patch 
use by foraging penguins matched predictions from mar- 
ginal value theory (Watanabe et al., 2014). Similarly, the 
dive dynamics of harbor seals appeared to optimize prey 
encounter rates as predicted by theory (Heaslip et al., 2014). 
Many species of pelagic shark exhibit diel changes in diy- 
ing depth, which may optimize prey encounter rates and/or 
enable thermoregulation. A combination of cameras, accel- 
erometers, thermal sensors, and active acoustics could reveal 
the definitive reason for this behavior. This combination of 
sensors (including a muscle-placed thermistor) showed that 
ocean sunfish (Mola mola) were feeding on deep zooplank- 
ton during the day and resting at night (Nakamura et al., 
2015). Bounce dives during the day were due to the sun- 
fish having to return to the surface to rewarm their bodies. 
Similar tools could be applied to pelagic sharks such as blue, 
thresher and whale sharks. 


5.2.3 Mating and Social Behaviors 


Animal-borne video and environmental data collection 
systems also have great potential for revealing social asso- 
ciations and interactions between conspecifics and competi- 
tors. Measuring social associations in free-ranging animals 
is very difficult, although recent technological (e.g., prox- 
imity tags) (Haulsee et al., 2016) and analytical (Gaussian 
mixture modeling) (Jacoby et al., 2016) advances now make 
it possible to build dynamic social networks. However, these 
tools require considerable infrastructure to quantify associ- 
ations between animals and do not reveal any details of the 
interactions. By contrast, AVEDs can function as proxim- 
ity loggers and also provide details on the interaction itself 
(Hooker et al., 2015). For example, video cameras placed on 
monk seals in the Northwestern Hawaiian Islands revealed 
that seals would often lose their prey to sharks or large 
teleosts (Parrish et al., 2008). Kleptoparasitism can play a 
significant role in the foraging behavior of large terrestrial 
carnivores and may play an important role in the competi- 
tive interactions between marine mammals and sharks. The 
social dynamics of conspecific foraging and even potential 
cooperative hunting can be determined from AVEDs (Sutton 
et al., 2015; Takahashi et al., 2004). Oceanic whitetip sharks 
live in an oligotrophic and seemingly barren environment, 
but there are locations where sharks appear to aggregate 
within a small area. Cameras attached to sharks suggested 
that they forage by themselves, as no other individuals were 
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ever seen in footage (Papastamatiou et al., 2018b). In other 
locations, oceanic whitetips are known to follow pods of 
pilot whales, but the function of this behavior is unknown. 
AVEDs, however, may reveal details of these interactions, 
which are impossible to verify using other sensors. 
Animal-borne video and environmental data collection 
systems can also play a role in elucidating mating activity 
in marine animals; for example, male harbor seal mating 
strategies and the driving factors behind them were revealed 
using a combination of cameras, tracking, and molecular 
techniques (Boness et al., 2006). Of course, using these to 
study mating tactics and reproductive ecology in sharks will 
be very challenging due to our lack of knowledge of mat- 
ing locations in sharks. However, AVEDs have been used 
in known nurse shark aggregation sites (Simpfendorfer and 
Heupel, 2004). Furthermore, a camera deployed on a male 
tiger shark in Hawaii during the mating season captured a 
mating attempt, further highlighting the potential of this tool 
to reveal mating frequency and habitats (Figure 5.3) (Meyer 
et al., 2018). The ultimate advancement in shark social 
dynamics will be the simultaneous deployment of proxim- 
ity loggers and AVEDs in order to quantify free-ranging 


social networks and understand the behaviors behind them. 
To date, this combination of methods has only been used 
with New Caledonian crows, where cameras were used to 
quantify foraging behavior, and inter-animal telemetry mea- 
sured dynamic networks of associations between individu- 
als (Troscianko and Rutz, 2015). 


5.2.4 Conservation and Fisheries 


Animal-borne video and environmental data collection sys- 
tems could also be used to quantify interactions between 
sharks and anthropogenic activities and structures, includ- 
ing fishing gears, oil rigs, power generators (e.g., wind and 
tide generators), and electrical cables. Cameras on seabirds 
have revealed how often and where birds interact with fish- 
ing vessels, even identifying the type of vessel they follow 
(Tremblay et al., 2014; Votier et al., 2013). Sharks are known 
to associate with offshore fish cages and oil platforms, and 
they follow fishing vessels (Papastamatiou et al., 2010; 
Robinson et al., 2013). AVEDs are one of the only methods 
available for quantifying the frequency and degree of these 
interactions, and perhaps more importantly they could help 


Figure 5.3 Frame grabs from video recovered from a shark-mounted camera deployed on a 436-cm TL male tiger shark captured off 
Oahu in January 2015. (A) Rear of tiger shark approached by the camera shark shows no evidence of claspers on the pelvic 
fins (1), indicating that this shark is female. (B) View of dorsal surface showing evidence of mating scars (2) behind the trailing 
edge of the dorsal fin (3). (C) Profile view of a female tiger shark as the camera shark approaches, showing that the nictitating 
membrane is retracted (4). (D) As the camera shark makes a closer approach to the female tiger shark, the nictitating mem- 
brane can be seen entirely covering the eye (5). (From Meyer, C.G. et al., Sci. Rep., 8(1), 4945, 2018.) 
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explain why these associations occur. For example, sharks 
that associate with fish cages or fish aggregating devices do 
not appear to be feeding, so the functions of these associa- 
tions are still unknown (Papastamatiou et al., 2010). AVEDs 
could also play a role in understanding stress effects associ- 
ated with catch-and-release fishing and how this may relate 
to mortality. Traditionally, mortality has been estimated 
using satellite tags or blood chemistry, although recently 
recoverable accelerometers have proven to be a cost-effec- 
tive tool (Whitney et al., 2016). AVEDs were used to assess 
post-release behavior in gray reef sharks, and, although less 
cost effective than accelerometers, they may provide addi- 
tional insight into how catch and release may impact survi- 
vorship (Skomal et al., 2007). 


5.2.5 Sharks as Observation Platforms 


It is becoming increasingly common to use marine ani- 
mals as remote sampling platforms as they move through 
areas and at depths that are traditionally very difficult to 
sample (Fedak, 2013). Marine mammals carrying biolog- 
gers have been used to measure salinity and temperature 
profiles of polar oceans and helped validate oceanographic 
models (Fedak, 2013). Camera tags may also prove useful 
with sharks for observing species and community composi- 
tion in similarly difficult to observe habitats; for example, 
sixgill sharks with camera tags were able to capture pic- 
tures of deep-sea invertebrates at a depth of 700 m, which 
would otherwise require camera surveys and expensive ship 
time (Nakamura et al., 2015a) (Figure 5.4). Gray reef sharks 
were able to “survey” mesophotic reefs in the 60- to 80-m 
range off a remote Pacific atoll, revealing the invertebrate 
and fish communities at depths below those surveyed by 
scientific divers. In addition, these images highlighted the 
abundance of reef fishes that are not considered in estimates 
from shallow water surveys (Papastamatiou, unpublished 
data) (Figure 5.4). 


5.3 METHODS AND FUTURE CONSIDERATIONS 


5.3.1 Attachment and Retrieval Methods 


To date, AVEDs have been attached to either the dorsal fin 
or the pectoral fin of free-swimming sharks (Heithaus et 
al., 2001; Nakamura et al., 2011, 2015b). The advantage of 
AVEDs placed on pectoral fins is that they may provide a bet- 
ter view of the mouth and subsequent feeding behavior, but 
they may also create a disproportionate distribution of drag 
costs across the shark’s body. AVEDs are embedded in floats 
(e.g., syntactic foam) along with VHF and sometimes satellite 
transmitters (e.g., Wildlife Computers SPOT tags), and can 
be attached in one of two ways (Watanabe et al., 2004). They 
can be attached via zip ties, cables, or wiring with an associ- 
ated time-release mechanism (e.g., galvanic links, electronic 
timers), or they can be attached to spring-action clamps that 
go over the dorsal fin (Chapple et al., 2015; Nakamura et 
al., 2011; Papastamatiou et al., 2015). The fixed attachment 
is more secure and less likely to prematurely release, but it 
is more invasive than the clamp method (e.g., holes must be 
made in the dorsal fin) and takes longer to attach. The clamp 
method also allows tags to be attached to sharks swimming 
past the boat or to be tagged underwater, which is useful for 
very large species that are difficult to catch (Chapple et al., 
2015) (Figure 5.5). Regardless of attachment, the tag eventu- 
ally detaches from the shark and floats to the surface. The 
embedded satellite transmitter sends email messages of the 
tag’s general location, which can then be precisely located 
using the VHF transmitter (Watanabe et al., 2004). 


5.3.2 Miniaturization and Drag Reduction 


Animal-borne sensors increase drag and energy expenditure 
by the host animal (Jones et al., 2013), and although these 
costs may be relatively small for short-duration deploy- 
ments (a few days) they may become substantial over longer 


Figure 5.4 Sharks as observation platforms. Sharks carrying AVEDs can survey communities in locations that are difficult to sample. (A) 
Photograph of a sea pen taken at 700 m off Oahu by a sixgill shark (Meyer, unpublished data); (B) photograph of large schools 
of reef fish on a mesophotic reef (60 m) off Palmyra Atoll taken by a gray reef shark (Y.P. Papastamatiou, unpublished data). 
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Figure 5.5 An AVED (Customized Animal Tracking Solutions, 
CATS, Germany) is attached to a great hammerhead 
shark by a diver off of Bimini, Bahamas. The AVED is 
connected to a spring-loaded clamp with a galvanic 
release. An application pole is used to spring load the 
clamp underwater. (Photograph by E. Kitsios.) 


durations. The greatest component of the increased drag will 
be related to the cross-sectional area of the tag, highlight- 
ing the need to reduce camera area and optimize tag shape 
(Jones et al., 2013; Ropert-Coudert et al., 2007). Camera tags 
are now small enough to be applied to medium-sized sharks 
(minimum | m total length), but further miniaturization will 
allow their application to small and juvenile individuals. 
The effect of buoyancy from the floats themselves should 
also be considered, especially for small sharks; however, it 
is relatively easy to counter flotation by attaching weights 
to ensure that the sensor package is neutrally buoyant while 
attached to the shark (Nakamura et al., 2015a). 


5.3.3 Energy Efficiency, Recording 
Time, and Smart Duty Cycling 


The second major limitation is battery life. In many cases, 
the size of AVEDs is determined by a trade-off between tag 
size and battery life. Most systems can record up to 12 hours 
at high-definition (HD) resolution. Larger tags or lower reso- 
lution recording can extend this to approximately 30 hours 
for some systems. Longer duration video recording will be 
particularly beneficial with sharks, as behaviors such as feed- 
ing are less frequent than in marine mammals or seabirds 
and likely vary across habitats and times of day. Effective 
recording duration can be extended by having the cameras 
turn on during specific times of the day or can even be 
based on simultaneous sensor measurements. Acceleration- 
triggered video cameras (that begin filming when simultane- 
ously recorded acceleration exceeds a threshold and return 
to the sleep mode after a preset period) have recently been 
developed and successfully applied to elephant seals (Naito 
et al., 2017). Elephant seals were revealed to be captur- 
ing deep-sea fishes (e.g., ragfish) at depths of about 800 m, 


within the oxygen minimum zone. Applying this technique 
to sharks (especially deep-sea sharks) will greatly enhance 
our knowledge of their foraging ecology. 


5.3.4 Development of New Camera Technologies 


A serious limitation of AVED technology is the ability to 
obtain images of adequate quality in low-light conditions. 
This is particularly important with sharks because (1) many 
species show increased activity at night and foraging may be 
concentrated then (Papastamatiou et al., 2015), and (2) many 
species occur at depths with little to no light. AVEDs are cur- 
rently used in conjunction with external light-emitting diodes 
(LEDs) to record either at night or at great depths (Gilly et al., 
2012; Nakamura et al., 2015b). The biggest issue with exter- 
nal LEDs is that they may alter the behavior of conspecifics 
of prey. For example, Humboldt squid carrying AVEDs with 
red LEDs were attacked by other squid (Gilly et al., 2012). It 
is also likely that LEDs could alter the behavior of potential 
prey in deep-sea habitats where light is used as a lure by mul- 
tiple taxa. Some AVEDs incorporate image intensifiers (pho- 
tomultiplier tubes, or PMTs) and make use of infrared lights, 
but they are expensive and relatively large and will require 
some modification before entering widespread use. An addi- 
tional advancement would be to miniaturize 360° cameras 
so that images can be obtained from all angles. This would 
greatly improve the ability to infer social associations, when 
conspecifics may not be directly in front of the animal (e.g., 
schooling sharks). Finally, it is possible that acoustic cameras 
might eventually be small enough to obtain acoustic images 
from the animal. Acoustic cameras have already been shown 
capable of identifying individual sharks and mobulid rays, 
although not the species (McCauley et al., 2016), and they can 
obtain images at night or in zero visibility. An animal-borne 
echosounder has already been built for use with foraging 
marine mammals (Lawson et al., 2016), and, although techni- 
cal challenges remain, future miniaturization of the tags may 
allow the development of an animal-borne acoustic camera. 
5.3.5 Integration with Other Sensors 
and Data Analysis 


As discussed above, AVEDs can be used to calibrate data 
from other sensors such as accelerometers (see Chapter 3 in 
this volume). Acceleration sensors have much longer duration 
of recording than AVEDs and can provide much longer time- 
series of behaviors such as feeding, if calibrated properly 
(Watanabe and Takahashi, 2013); however, more quantitative 
analytical tools can make interpretation and assignment of 
activity signals less subjective. Machine-learning methods 
can be used where the algorithm is trained to identify dif- 
ferent behaviors using the video footage and then searches 
for similar records or signals in the activity data (Resheff 
et al., 2014). A freely available Python-based web applica- 
tion (AcceleRater) can perform a variety of supervised 
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learning methods with accelerometry data (Resheff et al., 
2014). Unsupervised methods such as hidden Markov mod- 
els (HMMs) can also be used to assign the animal to behav- 
ioral states based on acceleration signals (Leos-Barajas et 
al., 2017). HMMs can quantify how the probability of sharks 
being in a behavioral state (e.g., active vs. inactive) varies 
with factors such as diel and tidal cycles or abiotic conditions 
(Leos-Barajas et al., 2017). AVEDs can assign HMM behav- 
ioral states to realistic biological interpretations of behavior; 
for example, if it is active is it foraging? An example of the 
combination of methods can be seen for data from an oceanic 
whitetip shark (Figure 5.3). Hidden Markov models were 
used to assign behavioral states throughout the time-series 
based on activity derived from the accelerometers (Leos- 
Barajas et al., 2017). At the same time, AVEDs were used to 
quantify encounter rates with potential prey throughout the 
dive. The combination showed that sharks were descending 
while in a low activity state, but the apex of their dives cor- 
responded with a peak in prey encounter rates and a switch 
to high activity state. This suggests that the purpose of these 
dives was searching for prey and foraging. 

There are many other combinations of sensors where 
cameras can validate other information being collected, 
including sound recorders to study communication in, for 
example, penguins (Choi et al., 2017) and proximity sen- 
sors to look at social associations. As the amount of video 
data increases, it is getting more difficult for researchers to 
watch and analyze these data. Unlike other types of digital 
data (e.g., depth), an overview of video data cannot be eas- 
ily inspected. Automated image data analysis methods have 
developed quickly in the private sector, primarily because 
security cameras became widespread in almost all cities 
around the world. These technologies could be applied to 
video data collected by animal-borne cameras and enhance 
the efficiency and accuracy of data analyses. 


5.4 CONCLUSION 


Extensive advancements have been made in the technology 
since the first application of AVEDs to sharks, nearly two 
decades ago. Tags have become smaller, can record for longer 
periods, and can be recovered after multiple days or weeks 
of deployment. Cameras can be combined with other sensors, 
and novel analytical tools are able to extract as much infor- 
mation from behavioral data as possible. As such, the time 
should be ripe for a rapid increase in the use of AVEDs to 
answer ecological, physiological, behavioral, and conserva- 
tion-focused questions. Despite these advancements, there has 
been little increase in the use of AVEDs for shark studies and 
their potential to address important questions. This chapter 
has provided a framework for the biological questions that can 
be answered using these methods and how future advance- 
ments will allow researchers to approach questions that cannot 
be answered without a shark’s-eye view of their environment. 
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6.1 INTRODUCTION 


Although great strides have been made in understanding 
shark behavior and ecology due to advances in technology, 
many technical challenges still exist in quantifying how elas- 
mobranchs behave in response to their environment, conspe- 
cifics, prey, and predators. Telemetry (acoustic and satellite), 
sensor, video, and data logger technology have all provided 
new insights into how sharks move, select habitat, and 
interact with other species; however, data collection can be 
arduous, expensive, time consuming, and spatially and tem- 
porally limiting. Satellite telemetry (see Chapter 19 in this 
volume) can provide valuable data on the water temperature 
and depths that wide-ranging elasmobranchs move through, 
but this technology does not provide much in the way of fine- 
scale geospatial positions or behavioral state. Alternatively, 
acoustic telemetry (see Chapter 8 in this volume) can provide 
either short-term, high-resolution position information and 
corresponding environmental data (e.g., water temperature, 
depth, activity rate) via active tracking or longer term, lower 
resolution position information for many animals simultane- 
ously, but over a much more limited spatial scale via pas- 
sive tracking. Active tracking, in particular, is typically labor 
intensive and allows for tracking of one individual at a time, 
whereas passive tracking is much less labor intensive but spa- 
tially limited by the size of a stationary array. 

Advances in underwater robotics, inertial measurement 
units (IMUs), global positioning systems (GPSs), and auton- 
omous control systems have greatly enhanced our ability to 
measure a wide array of oceanographic parameters via auton- 
omous mobile underwater or surface vehicles and simulta- 
neously provide high positional accuracy. Commercially 
available autonomous underwater vehicles (AUVs) and 
autonomous surface vehicles (ASVs) have been developed 
and used primarily for oceanographic purposes; however, 
recent attempts have been made to incorporate acoustic 
telemetry hydrophones and receivers into these robots for 
fully autonomous active tracking of elasmobranchs tagged 
with acoustic transmitters. The primary benefits of these 
coupled technologies are they allow for accurate, fine-scale 
positioning of tagged elasmobranchs but can also simulta- 
neously record environmental conditions, map the benthos, 
and record biota surrounding focal individuals. The infor- 
mation discussed in this chapter covers the types of autono- 
mous vehicles, previous uses for surveying and tracking of 
elasmobranchs, and the future of this technology. 


6.2 USE OF AUTONOMOUS UNDERWATER 
VEHICLES INOCEANOGRAPHY 
AND MARINE SCIENCE 


In 1957, the first autonomous underwater vehicle (AUV) was 
developed at the University of Washington’s Applied Physics 
Laboratory. The vehicle, named SPURV (Special Purpose 


Underwater Research Vehicle), had the ability to dive down 
to 3000 m and measure water temperature and conductiv- 
ity. Figure 6.1A shows the SPURV being deployed. Its form, 
consistent with early torpedo designs, was long and thin with 
a motor-driven propeller located at the rear of the vehicle for 
propulsion. Four control surfaces at the rear enabled steer- 
ing for direction control (yaw, pitch, and roll). This general 
design is still predominant in the AUV industry. 

6.2.1 Types of AUVs and Capabilities 

Since SPURV was introduced to the research community, 
a large number of other underwater vehicles with different 
form factors have been designed, constructed, and deployed 
(Figure 6.1B,C). Unlike AUVs, which are typically unteth- 
ered, fully autonomous, and designed to cover longer dis- 
tances, remotely operated vehicles (ROVs) are tethered to a 
pilot’s control console located above the surface. Figure 6.1B 
shows an example of a micro-class ROV. Different again are 
autonomous surface vehicles (ASVs), which are restricted to 
motion on the surface (Figure 6.1C). These vehicles are gen- 
erally compared based on their depth rating, speed, level of 
autonomy (e.g., how much pilot interaction is required during 
a mission), endurance, sensor payload capacity, maneuver- 
ability, and data availability (e.g., whether or not data can be 
transmitted to the pilot in real time). 


6.2.1.1 Remotely Operated Vehicles 


Remotely operated vehicles (ROVs) are differentiated from 
other vehicles by the fact that there is a tether that connects 
the vehicle to a control station typically located on a dock or 
boat. Pilots manually control the ROV via a joystick, allow- 
ing the pilot to send control signals to the vehicle’s actua- 
tors (e.g., motors) through a wire bundle inside the tether. 
Similarly, vehicle sensor data are relayed from the vehicle 
back to the control station through the tether. These data 
can take on the form of video, depth, sonar, temperature, 
etc. and are typically necessary for pilot navigation. Power 
is also provided through the tether, removing the need for 
an onboard power supply. The presence of this tether offers 
several advantages when conducting fish or shark surveys. It 
provides real-time feedback to a pilot, thus allowing adap- 
tion to changing fish behaviors. The video also provides a 
means for characterizing habitat, prey abundance, etc.; for 
example, one can survey the bottom to determine if the sea- 
floor would facilitate egg laying for skates and catsharks. 
The tether, unfortunately, also restricts motion of the vehicle 
by limiting its range to the length of the tether. Monitoring 
fish with longer ranges using an ROV is simply not feasible. 
Because the vehicle is not traveling long distances and power 
is provided, ROVs are designed not so much for endurance 
as they are for maneuverability (e.g., their thruster configu- 
ration often allows motion in all directions). They can be 
used for situations requiring up-close, interactive navigation. 
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Figure 6.1 


Examples of underwater robots: (A) Deployment of SPURV, the first autonomous underwater vehicle (AUV) (photograph 


courtesy of the Applied Physics Laboratory, University of Washington, Seattle). (B) A VideoRay underwater remotely operated 
vehicle (ROV). (C) This robot is a ClearPath Robotics Kingfisher ASV. 


6.2.1.2 Buoyancy-Driven Gliders 


Unlike typical AUVs, which are motor or propeller driven, 
buoyancy-driven gliders provide forward motion by modify- 
ing their applied buoyancy force in flight. The gliders are 
equipped with bladders (often located in the vehicle nose) 
that can be filled or emptied with water from the surround- 
ing environment. When ballasted correctly, the vehicle will 
change between being positively and negatively buoyant as 
the bladder is emptied or filled. Wings affixed to the sides 
of the vehicle transform these vertical forces into horizon- 
tal forces, enabling forward motion. Although this type of 
motion is slower (e.g., 0.35 m/sec) than propeller-driven 


AUVs (e.g., 2 m/sec), it requires less energy and hence pro- 
vides longer endurance; for example, the Slocum glider 
(Figure 6.2A) can travel a distance of 13,000 km with a 
maximum deployment time of 18 months. For this reason, 
the application of such vehicles to fish tracking is limited 
to conducting more long-range passive surveys than active 
tracking which requires greater speeds and maneuverability. 


6.2.1.3 Wave-Driven Surface Gliders 
Similar to buoyancy-driven gliders, wave-driven gliders 


harness naturally occurring vertical motion and transform 
it to horizontal motion. As waves carry the vehicle up and 
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Figure 6.2 Autonomous underwater vehicles: (A) Slocum Glider; (B) underside of Liquid Robotics’ Wave Glider (photograph courtesy of 
Liquid Robotics, Sunnyvale, CA); (C) OceanServer Iver2 AUV; (D) REMUS 100; (E) REMUS 600. 


down, a wing system that sits underwater (see F B) 
provides a force in the forward direction. Also similar to 
buoyancy-driven gliders, wave-driven gliders have longer 
endurance but lower maneuverability and speed, making 
them applicable to long-range passive tracking as opposed 
to active tracking. Because their primary hull is surface ori- 
ented, these vehicles can offer real-time radio connectivity 
and the use of solar panels to provide the power required to 
support longer missions. 


6.2.1.4 Propeller-Driven AUVs 


Propeller-driven AUVs are common, and most take on a 
form factor similar to the SPURV, in which the body is a 
long cylinder with a cone-shaped nose and actuation at the 
tail (e.g., the REMUS vehicles shown in Fig —E). The 
motor-driven propellers located at the AUV tail provide for- 
ward and reverse locomotion, and a range of steerable control 
surfaces act as rudders to set the yaw, pitch, and roll angles 
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of the vehicle. Several propeller-driven AUVs also have con- 
figurations with thrusters facing in multiple directions for 
increased maneuverability. Note that several hybrid buoy- 
ancy/propeller-driven AUVs are under development that aim 
to obtain the advantages of both approaches to locomotion. 
Examples of off-the-shelf, propeller-driven AUVs include 
OceanServer’s Iver vehicles (Figure 6.2C) and Kongsberg’s 
REMUS vehicles (Figure 6.2D,E). Notably, the REMUS 600 
(Figure 6.2E) is larger, has a greater depth rating (up to 1500 
m), and has greater endurance (24 hr) than the more typical 
REMUS 100 (Figure 6.2D), which has a 100-m depth rat- 
ing and 12-hr battery life at 1.5 knots. In research projects, 
both the Iver and REMUS vehicles have been outfitted with 
hydrophone-receiver systems that allow not only passive 
tracking of tagged fish but also active tracking. 


6.2.1.5 Navigation 


Autonomous underwater vehicles come equipped with path- 
following capabilities such that users can simply upload to 
the vehicle a series of longitude, latitude, and depth points 
that the vehicle can be deployed to follow autonomously. 
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Such path following requires a navigation system that itera- 
tively (1) estimates the vehicle’s state (three-dimensional 
position and orientation) in georeferenced coordinates, (2) 
determines actuator signals, and (3) sends the signals to the 
actuators to realize path following. A key to this iterative 
process, which can run at rates of 10 Hz to several 100 Hz, 
is providing the state estimation step with accurate sen- 
sor data. The sensor payload of an AUV used for naviga- 
tion typically includes a GPS receiver (that only provides 
data when the vehicle is surfaced), a compass with three 
degrees of freedom (3DOF), a pressure sensor for depth, 
and an altimeter that measures the distance from the sea- 
floor. When the vehicle is underwater (and GPS denied), 
state estimators will often predict position states using 
additional sensors, such as inertial measurement units 
(IMUs), which measure accelerations and rotation rates, or 
Doppler velocity loggers (DVLs), which measure the veloc- 
ity of the vehicle with respect to the seafloor. Unfortunately, 
state estimates can “drift” using such techniques, resulting 
in positioning error. However, when the AUV has surfaced 
and reacquired a GPS location, the course can be cor- 
rected and the preplanned mission path resumed. Notably, 
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a Denmark fjord. Consider the AUV’s path in yellow at location (200, 100). A jump in the state estimate occurred because the 
vehicle was drifting off course without realizing it. When the vehicle surfaced at approximately (200, 100), the vehicle obtained 
a GPS measurement to enable a more accurate position state estimate, thereby allowing the vehicle to make a course cor- 
rection, turn back to the desired path, and correct the path tracking error. 
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acoustic positioning systems may also be used for absolute, 
drift-free underwater position measurements but with addi- 
tional cost and infrastructure. Improving a vehicle’s state 
estimation improves the ability of the vehicle not only to 
track paths but also to geolocalize sensor measurements. 
This is especially challenging when localizing tagged fish 
relative to a moving AUV. The relative localization problem 
is difficult due to inaccurate time-of-flight measurements 
in the variable underwater environment, such as changing 
water density and sound reflections, and such issues will be 
compounded by inaccurate AUV state estimation. 


6.2.1.6 Sensor Payloads and Applications 


Sensors are important for navigation, but most AUVs also 
have a sensor payload dedicated to sampling the underwater 
environment. Sensors in this payload section allow for mea- 
surements of oceanographic variables including salinity, 
temperature, chlorophyll, and dissolved oxygen (DO,) at dif- 
ferent depths during a mission (Figure 6.3). Sonar and video 
camera systems are other typical sensors found on AUVs, 
and they can be used in downward- and forward-facing ori- 
entations. They are often used for characterizing seafloor 
parameters, such as constructing bathymetry maps, terrain 
classification (Figure 6.4), or fish school quantification. It 
is important to note that, although video systems may have 
higher resolution when compared to sonar systems, they are 
typically shorter range and require sufficient lighting and 
water clarity. Although sonar and video data can be used 
for research data collection purposes, these data streams 


Figure 6.4 


Example of side-scan sonar data illustrating a poten- 
tial shipwreck site (C.M. Clark, unpublished data). 


can also be used for navigation and obstacle avoidance. A 
major advantage of taking environmental sensor measure- 
ments when tracking fish is that the fish’s behaviors can be 
tracked while simultaneously characterizing the fish’s habi- 
tat, providing context for possible state changes in behav- 
ior. With the ability to obtain environmental measurements 
at sampling rates on the order of 1 Hz and geolocalized 
to within a few meters, AUVs have changed the way pas- 
sive sampling of the underwater environment is conducted. 
However, there is potential for AUVs to have even greater 
impact on the scientific community through active sam- 
pling, where the AUVs adapt their trajectories in real time to 
optimize information gain. For example, some AUVs have 
been programmed to track steep thermal gradients (Zhang 
et al., 2010). As described below, this ability of an AUV to 
modify its behavior in response to live measurements of 
oceanographic or biological information can be invaluable 
when tracking marine life that is highly dynamic and can 
travel long distances. 


6.3 USE OF AUTONOMOUS UNDERWATER 
VEHICLES FOR STUDYING ELASMOBRANCHS 
6.3.1 Passive Tracking and Surveying 
with AUVs and ASVs 


A variety of commercially available autonomous under- 
water and surface vehicles (e.g., Slocum gliders, Wave 
Gliders, REMUS AUVs, Iver AUVs) have been used to 
survey oceanographic parameters and map the seafloor 
of coastal and open-ocean environments over the last 20 
years. However, more recently researchers have been equip- 
ping these autonomous mobile platforms with a variety of 
acoustic telemetry receivers to survey for marine animals 
instrumented with acoustic transmitters (Grothues, 2009; 
Grothues and Dobarro, 2010; Grothues et al., 2010). For 
survey applications, AUVs and ASVs are primarily tasked 
to listen for fish tagged with coded transmitters typically 
used for passive tracking via stationary receivers, while 
following a programmed mission path. Because most elas- 
mobranchs are highly mobile, passive tracking methods are 
constrained by the size of stationary receiver arrays. Mobile 
acoustic receiver platforms such as AUVs and ASVs provide 
the ability to autonomously survey a wider range of habitats 
and areas beyond stationary arrays, and they can simultane- 
ously provide measures of environmental conditions and the 
benthos in the vicinity (+250 m) where tagged individuals 
are detected. Because the cost of maintaining large-scale 
acoustic receiver arrays can be considerable, augmenting 
area coverage with autonomous mobile acoustic receiver 
platforms can potentially reduce long-term monitoring costs 
and provide greater area coverage than expanded stationary 
receiver arrays. Because of their diving capability, AUVs 
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can provide greater vertical detection capabilities and cover- 
age, as well as oceanographic measurements of the water 
column, and they achieve better transmitter detection effi- 
ciency than surface-oriented platforms alone (Grothues, 
2009; Grothues and Dobarro, 2010; Grothues et al., 2010). 
Autonomous surface vehicles (e.g., wave-driven gliders), 
however, can provide real-time data via cellular or satel- 
lite communication, but they are more limited in terms of 
their water column characterization and detection efficiency 
due to sea surface conditions and surface shadows (e.g., 
acoustic dead spots created when the transmitter and hydro- 
phone are at the surface during rough seascape conditions). 
Performance of these systems will vary depending on the 
telemetry system used, habitats and regions surveyed, and 
duration of deployment. 


6.3.1.1 Acoustic Detection Systems 


Early attempts to integrate telemetry receiver systems into 
autonomous mobile platforms varied depending on the 
acoustic telemetry passive tracking system being used in 
certain areas and on particular species. In addition, dif- 
ferent acoustic telemetry systems may provide different 
encoding strategies for ID and sensor data. Different trans- 
mitter coding schemes have different costs and benefits, 
often trading off battery life against the number of indi- 
viduals that can be identified simultaneously. For example, 
VEMCO coded transmitter systems use a pulse interval 
coding (PIC) scheme, whereby all transmitters operate at 
the same frequency, but the code ID is conveyed in a unique 
pulse train output of varying intervals. This coding scheme 
only allows a single transmitter to be detected at one time, 
but it consumes less power than alternative schemes, allow- 
ing for longer lived transmitters. The Lotek WHS 3000 
series uses a code division multiple access (CDMA) scheme 
that conveys unique ID and sensor information via fre- 
quency spreading and allows for multiple transmitters to 
be detected simultaneously (Grothues, 2009). This coding 
scheme is more power consumptive, resulting in a decrease 
in the battery life of the transmitters. 

Typically, coded transmitters have been designed for 
passive, coarse, spatial-scale tracking or fine-scale tracking 
using gridded stationary acoustic receiver arrays. Most pas- 
sive acoustic tracking uses omnidirectional receivers orga- 
nized in grids and lines (gates) and provides measures of 
presence/absence within the detection radius of the receiver 
(Heupel et al., 2006; see also Chapter 8 in this volume). If 
receiver arrays are organized in a grid formation and close 
enough that three or more receivers can detect a transmit- 
ter as it moves through the array, then a trilaterated posi- 
tion can be obtained by measuring time of arrival to each 
receiver (Espinoza et al., 2011). These systems include the 
VEMCO Positioning System (VPS) and VEMCO Radio- 
Linked Acoustic Positioning (VRAP) system, Lotek MAP 


600 and WHS, and HTI Model 290 + 291 systems, which 
have been deployed to provide fine-scale movements of 
fishes, some over larger areas (e.g., up to 10 km?) (Baktoft 
et al., 2017; Wolfe and Lowe, 2015). 

Early integration and comparison of telemetry sys- 
tems on AUVs were trialed and described by Grothues 
et al. (2010), who integrated a Lotek WHS 3050 system 
onto a REMUS 100 AUV to survey for Atlantic sturgeon 
(Acipenser oxyrinchus oxyrinchus) fitted with CDMA-type 
transmitters in a riverine habitat. They also equipped a 
REMUS 100 AUV with a VEMCO VR2 receiver to survey 
another riverine habitat for shortnose sturgeon (Acipenser 
brevirostrum) tagged with VEMCO coded transmitters. 
Several other project-specific missions were run to survey 
for and position other fish species using similar systems or 
setups. Although many of these were proof-of-concept tri- 
als, they helped establish the efficacy of using AUV technol- 
ogy coupled with acoustic telemetry systems in quantifying 
fish movements. 

One of the first published studies using an AUV to sur- 
vey for acoustically tagged elasmobranchs was done by 
Haulsee et al. (2015), who integrated two VEMCO VR2C 
acoustic receivers into a Slocum glider. The glider was pro- 
grammed to survey along the Delaware coastline and listen 
for migrating sand tiger sharks (Carcharias taurus) pre- 
viously implanted with VEMCO V16 coded transmitters. 
Stationary acoustic receiver gate arrays deployed across the 
study area provided additional coverage of this migration 
route. Using detection data from the AUV, questions about 
habitat selection could be addressed because the AUV was 
also programmed to measure water depth, temperature, 
colored dissolved organic matter (CDOM), and chloro- 
phyll a as it moved through the water column. Because the 
AUV could provide an estimated position of a tagged shark 
within +250 m of the AUV at the time of detection, meso- 
scale habitat characteristics could be measured at those 
times and compared with locally available conditions to 
determine habitat selection. The 19-day mission allowed 
the AUV to cover 337 km, covering depths from 7 to 22 m 
(Figure 6.5). Using this methodology, Haulsee et al. (2015) 
concluded that southward migrating sand tiger sharks are 
likely selecting habitat features that are influenced by dis- 
tance from shore (water depth), salinity, and CDOM. There 
are clearly other environmental and biological factors influ- 
encing migratory path, but this study demonstrated the effi- 
cacy of this technology for offshore research. 

Although none is currently published, studies are under 
way using Wave Glider platforms to autonomously sur- 
vey for tagged elasmobranchs over larger spatial scales. 
For example, VEMCO VR2C-equipped Wave Gliders are 
currently being deployed off central California to survey 
acoustically tagged adult white sharks while simultaneously 
gathering oceanographic information along programmed 
survey paths. Similar missions are being conducted off more 
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Figure 6.5 Programmed survey path of a Slocum glider in yel- 
low. Location of stationary acoustic receiver gate 
arrays are shown as black squares, and blue circles 
indicate locations where tagged sand tiger sharks 
were detected by the VR2C-equipped glider. (From 
Haulsee, D. et al., Mar. Ecol. Prog. Ser., 528, 277— 
288, 2015.) 


coastal waters along southern California to survey for acous- 
tically tagged elasmobranchs and food fishes (M. Cimeno, 
pers. commun.). Because of the greater endurance of Wave 
Gliders, fewer navigational hazards, and considerable wave 
energy found in open ocean habitats, these glider missions 
can run for months and provide periodic or real-time data. 


6.3.1.2 Survey Path Planning 


As autonomous mobile tracking platform technology 
becomes more common, developing appropriate surveying 
methods will be essential for searching for highly mobile or 
migratory elasmobranchs that have been tagged. For long- 
endurance gliders (buoyancy-driven or wave-driven), survey 
paths could be designed for systematic or random surveying 
across habitats. In Haulsee et al. (2015), the Slocum glider 
was programmed to move in a sawtooth pattern surveying 
across depth and habitat contours; however, it was also mis- 
sioned to return to an area where a tagged shark had been 
previously detected. This survey plan was necessary to 
address their particular question, but it might not be the most 
effective way to survey a large area. Similar paths are often 
planned for Wave Glider missions, where these platforms 
are missioned to survey across depth contours and may 
yield the best opportunity to encounter and detect migrat- 
ing elasmobranchs that move along coastal shelves. Other 
considerations for survey path planning vary depending on 
knowledge of the species tagged, the platform being used, 
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and degree of boat activity in the areas to be surveyed. For 
example, buoyancy-driven and wave-driven gliders require a 
depth of at least 6 m to operate effectively and avoid “dredg- 
ing,” or grounding (Haldeman et al., 2014). In addition, these 
vehicles are less maneuverable and more likely to be struck 
by passing vessels operating at high speeds in survey areas. 
Propeller-driven vehicles can operate in much shallower 
water (~1 m) and are far more maneuverable if adequately 
equipped and programmed for obstacle avoidance. 


6.3.1.3 Habitats and Species Surveyed 


Autonomous survey vehicles may not be appropriate for cer- 
tain habitats, conditions, or species. Navigational hazards, 
rapidly changing bathymetry, and strong tides found in estu- 
arine, coastal river, or lagoon habitats would preclude the 
use of most commercially available buoyancy- and wave- 
driven gliders for surveying tagged elasmobranchs due to the 
minimum depth requirements and relatively poor maneuver- 
ability in restricted habitats. Smaller propeller-driven AU Vs 
(e.g., Iver2 and Iver3, REMUS 100) or ASVs may offer the 
best options for surveying in these types of habitats; how- 
ever, they are much more limited in endurance. Nonetheless, 
surveying in complex shallow habitats still poses consider- 
able challenges for path planning and successful navigation. 
Robust obstacle avoidance systems must be implemented to 
avoid grounding and entanglements with moorings, fishing 
gear, and kelp/seagrass, as well as negotiating channels with 
high vessel activity and strong tidal currents. Autonomous 
vehicle acoustic surveys for tagged elasmobranchs are less 
problematic for coastal or offshore habitats than inshore 
waters or embayments due to deeper waters and fewer navi- 
gational obstructions. There are also opportunities for much 
longer missions using less power consumptive buoyancy- 
and wave-driven vehicles. 


6.3.2 Active Tracking Elasmobranchs with AUVs 


Acoustic detection data from passive stationary acoustic 
receiver arrays (see Chapter 8 in this volume) and autono- 
mous mobile acoustic receiver platforms (Section 6.2.1) 
can be effective in quantifying movements of individuals 
over large spatial and temporal scales. Yet, these methods 
often lack sufficient positional accuracy and localization 
frequency of the same individual to adequately characterize 
how animals respond to microscale or mesoscale environ- 
mental conditions. Thus, limited information on their move- 
ments is obtained for animals that move at scales smaller 
than the typical passive omnidirectional receiver detection 
ranges (<500 m). Positioning systems such as VEMCO 
VRAP or VPS, Lotek MAP 600 or WHS, or HTI 3D track- 
ing systems can provide high-resolution estimates of loca- 
tion, but these systems are constrained by the size and 
location of the stationary arrays of receivers (Hedger et al., 
2008; Heupel et al., 2006). This poses major challenges in 
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obtaining high-frequency, high-spatial-resolution measure- 
ments for highly mobiles species of elasmobranchs, espe- 
cially those that show minimal site fidelity to areas (Hussey 
et al., 2015). 

To study aquatic animal movements at higher frequen- 
cies and finer spatial scales, researchers have traditionally 
turned to active tracking. This practice consists of a human 
tracker in a small vessel using a directional hydrophone to 
estimate the location of an acoustically tagged animal and 
following it for 24 to 96 hr (Holland et al., 1992). The ampli- 
tude of the signal received by the hydrophone is a function 
of the direction of the hydrophone relative to the direction 
and distance to the transmitter; that is, amplitude increases 
as this relative angle decreases and proximity increases. By 
rotating the directional hydrophone, the tracker can deter- 
mine the direction in which the signal is strongest and thus 
the direction to the animal. The tracker can then navigate 
the vessel toward the signal source (transmitter), using the 
position of the vessel as a proxy for the position of the ani- 
mal (Bass and Rascovich, 1965; Nelson, 1978). However, to 
obtain high positional accuracy, the tracker must be posi- 
tioned directly over top of the transmitter (tagged individ- 
ual), which can affect the animal’s behavior. 

Active tracking is labor intensive and reliant on the pro- 
ficiency of the tracker, and it provides variable spatial accu- 
racies (<50 m) (White et al., 2016). Hence, the development 
of AUV technology has led many researchers to envision 
AUVs as replacing humans as active trackers. This idea was 
first conceptualized over 20 years ago with a kayak outtfit- 
ted with an electric trolling motor and a VEMCO VR60 
(Goudey et al., 1998). To replace human trackers, AUVs 
must be equipped with two key abilities: (1) accurately esti- 
mate the location of a tagged animal in real time while at 
a distance, and (2) incorporate this location state estimate 
into the AUV’s control system and thus realize autono- 
mous tracking and following of the animal, which includes 
attempting to relocate a transmitter signal temporally lost. 


6.3.2.1 Acoustic Positioning System 


The acoustic positioning system is the hardware (hydro- 
phone/receiver) and software combination required to pro- 
vide an estimate of the location of an acoustic transmitter 
with respect to a georeferenced Cartesian coordinate system 
(e.g., x, y, Z space). A location can be determined when two 
or more hydrophone/receiver systems are able to derive a 
distance and bearing to a transmitter, with the tag transmit- 
ting information on its depth (z-dimension). This informa- 
tion, when combined with the current position and heading 
of the AUV, allows for an estimate of the geolocation of the 
transmitter. Acoustic position systems rely on the fact that 
sound travels at predictable speeds based on the water den- 
sity (e.g., temperature and salinity). Thus, accurate measure- 
ments of time (microsecond), water density, and temperature 
allow for precise estimates of location of a transmitter. Two 


main strategies have been used for acoustic position systems 
for the active tracking of animals: short baseline (SBL) and 
ultrashort baseline (USBL). 

Short baseline systems can derive a distance and bear- 
ing estimate if at least two hydrophones are fix-mounted at 
least 2 m apart (Clark et al., 2013; Forney et al., 2012; Lin 
et al., 2013). When both hydrophones detect a tag transmis- 
sion, the time difference of arrival (TDOA) between the 
hydrophones is converted to an angle measurement. The 
TDOA is multiplied by the speed of sound in water, given 
current environmental conditions, to form one side of a tri- 
angle, and the distance between the hydrophones represents 
the hypotenuse of the triangle. By taking the arc-cosine of 
the difference in time of arrival over the distance between 
the hydrophones, the bearing to the transmitter is calculated. 
When using transmitters that transmit at fixed intervals, this 
system can be expanded to incorporate a range measurement 
by estimating the time of flight (how long it would take the 
acoustic signal to travel a particular distance through water 
of known density) (Lin et al., 2013). The AUV can keep 
track of the estimated time the transmitter should transmit, 
then, by subtracting the time when the AUV detected the 
transmission, the time of flight (TOF) can be estimated. The 
time of flight is multiplied by the speed of sound in seawater 
based on water density at that location to produce a range 
measurement. The transmitted depth, estimated bearing, 
and range can be used to estimate a position of a moving 
transmitter while the AUV is moving. 

For such two-hydrophone configurations, there is a sign 
ambiguity, and the AUV cannot determine if the tag is on its 
left or right side from a single detection (Figure 6.6); however, 
the AUV can be programmed to move in a circular or sigmoi- 
dal path until several detections are made, which enables the 
AUV to differentiate a sign (or side) the transmitter is on rela- 
tive to its path. To further refine accuracy and sign of position 
estimates using this time of arrival and TOF approach, a par- 
ticle filter state estimation algorithm can be applied, which 
over several successive detections can improve positional 
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Figure 6.6 Schematic of how a SBL-enabled AUV determines 
location of a tagged shark. (From Clark, C.M. et al., J. 
Field Robot., 30(3), 309-322, 2013.) 
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Figure 6.7 Use of a particle filter with a SBL-enabled AUV to refine a position estimate of a moving transmitter over successive detec- 
tions. (From Forney, C. et al., in Proceedings—/EEE International Conference on Robotics and Automation, \nstitute of 
Electrical and Electronics Engineers, Piscataway, NJ, 2012, pp. 5315-5321.) 


accuracy to +3 m while both transmitter and AUV are mov- 
ing simultaneously (Clark et al., 2013; Forney et al., 2012; 
Lin et al., 2013; Xydes et al., 2013) (Figure 6.7). 

The second type of acoustic positioning system used 
onboard an AUV for active tracking is the ultrashort base- 
line (USBL) system (Kukulya et al., 2015, 2016; Packard et 
al., 2013). In this system, the AUV is equipped with a trans- 
ceiver with a small array of omnidirectional hydrophones, 
and the animal is tagged with a transponder that can also 
transmit depth information. The transceiver onboard the 
AUV sends an acoustic transmission that is received by the 


animal-borne transponder, which then sends a reply that 
is received by the AUV. By measuring the time between 
when the AUV queried the animal’s transponder and when 
it received the transmission in response, the total time of 
flight to the animal and back to the AUV is calculated. By 
dividing this by two and multiplying by the speed of sound, 
a range estimate can be calculated. The AUV is additionally 
able to compare the received signal phase difference across 
the multiple hydrophones within the transceiver to generate 
a bearing estimate. Because the USBL systems were origi- 
nally designed for tracking large underwater vehicles and 
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require two-way acoustic communication, the transponder 
tags are large and subsequently powerful, and they also 
have significantly better range and bearing estimates than 
the SBL system, which is limited by the accuracy of time 
recording across the hydrophones as well as the consistency 
of tag transmissions over time (Kukulya et al., 2015; White 
et al., 2016). However, USBL system transponder tags are 
significantly larger (7.6 x 38 cm) and more expensive and 
power consumptive, thus limiting their application to large 
sharks (>3 m) capable of carrying larger tag packages. The 
SBL system, however, was designed to use existing ani- 
mal acoustic telemetry infrastructure and standard acous- 
tic transmitters from other acoustic biotelemetry systems 
(i.e., VWEMCO, Lotek, Sonotronics), and it allows for much 
smaller individuals to be tagged (White et al., 2016). 


6.3.2.2 AUV Control System 


For fully autonomous active tracking, estimating the loca- 
tion of the tagged animal resolves only half of the problem. 
The AUV must also incorporate the tagged animal’s posi- 
tion estimate into the AUV’s control system to enable auton- 
omous following of the animal. The AUV control system 
can be programmed to incorporate a variety of abilities nec- 
essary to track a moving animal, which may stop moving, 
move in a very small discrete space, or travel in nonlinear 
paths. So, the AUV must be programmed to adapt its move- 
ment path to that of the tagged animal while simultaneously 
avoiding static obstacles, such as docks and pinnacles, and 
avoiding grounding or colliding with the shoreline or sea- 
floor. In addition, the AUV must be programmed to deter- 
mine position from a suitable distance to reduce behavioral 
interference with the tagged individual but be close enough 
to maintain continuous detection range (Clark et al., 2013; 
Forney et al., 2012; White et al., 2016). 

The simplest control system might be to just have the 
AUV drive directly toward the position of the shark. Packard 
et al. (2013) programmed a REMUS AUV with a USBL sys- 
tem to film sharks under water, which required the AUVs to 
be very close to the tagged animal (<10 m). The shark’s path 
was interpolated 15 sec into the future, and the AUV was pro- 
grammed to drive directly at that point and pass to the left, 
right, above, or below the tagged shark (Figure 6.8). After the 
AUV passed the shark, it was programmed to turn around 
and perform this “fly by” again. By repeatedly updating the 
shark’s location relative to the AUV, the AUV could continu- 
ously update its path to a new location. This control system 
was refined by Kukulya et al. (2015), who modulated the 
speed of the AUV proportional to the distance between the 
AUV and the shark, so that the AUV would travel faster when 
it was farther away from the tagged individual and match the 
animal’s speed when it was close to the tagged animal. 

Such a control system, however, could cause the AUV 
to influence the tagged animal’s behavior by being too close 
or even colliding with the tagged animal. Because AUVs 
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Figure 6.8 The estimated position of a tagged white shark (red 


asterisk) off Cape Cod using the USBL-enabled 
system on a REMUS AUV and the path of the AUV 
(blue line). When frequent detections were obtained, 
the AUV could accurately predict the shark’s path to 
increase the likelihood of the AUV being close enough 
to capture video data. (From Packard, G.E. et al., in 
MTS/HIEEE OCEANS 2013-San Diego, Institute of 
Electrical and Electronics Engineers, Piscataway, NJ, 
2013, pp. 1-5.) 


use propeller-driven propulsion, the vehicles produce low- 
frequency sounds detectable to the sharks. Sharks have been 
found to approach or even attack AUVs, following them or 
staying in close proximity (Skomal et al., 2015; Stanway et 
al., 2015). A second approach is to have the AUV position 
itself close enough to the tagged animal to continuously 
receive acoustic detections but remain far enough away to 
reduce the likelihood of behavioral interference (>30 m). 
In this programmed control feature, documented by Lin et 
al. (2013), an AUV had two different behaviors, depending 
on the distance to the tagged animal. When the AUV was 
within detection range, but farther away from the animal, 
the AUV was programmed to drive directly at the tagged 
animal. When the AUV was within a user-defined thresh- 
old distance of the animal, it switched to nearby circling 
behavior, such that the AUV circled at a point just outside of 
the user-defined minimum threshold distance to the tagged 
animal. Circling allows the AUV to constantly propel itself, 
which is necessary for stability and to increase the quantity 
of sensor vantage points, determine bearing and distance to 
the transmitter, and prevent it from colliding into the tagged 
animal (Figure 6.9). In addition, if the shark moves toward 
the AUV and comes within the user-defined minimum 
threshold distance, the AUV is programmed to move away 
from the tagged shark. By switching back and forth between 
point tracking and nearby circle tracking, the AUV can 
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Figure 6.9 Programmed control system for SBL-enabled AUV 
for predicted obstacle avoidance and nearby circling 
when in user-defined minimum threshold distance to 
a transmitter. (From Lin, Y. et al., in Proceedings of 
the Unmanned Untethered Submersible Technology 
Conference (UUST), Autonomous Undersea Systems 
Institute, Durham, NH, 2013.) 


continuously follow the tagged individual, remaining within 
detection range. Using this system, the path of the AUV 
does not closely reflect the path of the tagged individual. 
It is also worth mentioning that quantifying shark behavior 
response to AUVs vs. active tracking surface vessels may 
be useful for determining minimum threshold distances for 
AUV tracking. 

In addition, control systems for active tracking have 
been modified and adapted to use multiple AUVs for track- 
ing a tagged shark (Kukulya et al., 2016; Lin et al., 2014, 
2017). Having both AUVs simultaneously tracking while 
in communication with each other allows for incorporation 
of range and bearing measurements from multiple angles, 
thereby providing further refined position estimates and 
reducing the likelihood of losing the animal. These systems 
are programmed to have one leader and could be expanded 
to incorporate multiple followers. Future swarm program- 
ming of smaller, single-hydrophone AUVs could allow for 
trilateration (position estimates) of multiple cooperative 
AUVs surrounding a tagged individual, as long as the AUVs 
were far enough away from the tagged individual to mini- 
mize behavioral disturbance. 


6.3.2.3. Environmental and 
Situational Monitoring 


Traditional uses of AUVs have been in sampling oceano- 
graphic conditions. Enabling these duties can provide 
environmental context for the focal animal being tracked. 
Most commercially available AUVs can be equipped with 
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a wide variety of sensors (e.g., temperature, salinity, DO,, 
CDOM, pH, photosynthetically active radiation [PAR], 
side-scan sonar, image sonar) that can simultaneously sam- 
ple the environment during tracks within a geospatial con- 
text. Measuring these conditions during a track can provide 
unprecedented resolution of the environment surrounding 
the animal. This fine-scale environmental information can 
provide context and insight as to how tracked individuals 
respond to changing conditions and use gradients as navi- 
gational cues. 

Environmental sensors can provide valuable information 
on how tagged individuals respond to changing environ- 
mental conditions, but video and sonar imaging can provide 
insight into how tagged individuals respond when they are 
in close proximity to other conspecifics, predators, and prey. 
By outfitting the AUVs with downward- and forward-facing 
video cameras, or even virtual reality (360° view) video 
cameras (Figure 6.10), spatially explicit prey and conspe- 
cific abundance can be estimated and correlated to chang- 
ing movement behaviors observed from tracked individuals. 
Traditional active and passive tracking methods often lack 
these abilities or require separate teams of researchers to 
simultaneously collect these data using typical sensor suites, 
such as sondes; conductivity, temperature, and depth record- 
ers (CTDs); or video camera sleds. Although it is a valu- 
able activity, collecting video data is power consumptive and 
data intensive and often results in a data processing bottle- 
neck, requiring considerable labor-intensive postprocessing. 
In addition, underwater video data can be hampered by poor 
visibility or low light conditions (e.g., nighttime periods), 
and coastal habitats (e.g., lagoons, bays, estuaries) can often 
have poor visibility conditions, further limiting the use of 
video in those ecosystems. 

Sonar technology has greatly improved and reduced in 
size and can now provide low-resolution video image qual- 
ity at distances of less than 50 m (e.g., DIDSON, BlueView). 
AUVs can be equipped with forward- and downward-facing 
image sonar, which is capable of recording and identifying 
unique targets based on their densities and reflective acous- 
tic properties. These systems can operate in poor visibility 
and zero light conditions, in addition to providing estimates 
of distances between objects and the AUV and the size of 
the targets. Digital target recognition and autonomous track- 
ing of sonar-identified objects has allowed short-term track- 
ing of untagged sharks and schools of fishes (McCauley et 
al., 2016) and holds great promise for augmenting video for 
identifying conspecifics and prey items surrounding the 
tagged animal. However, sonar is much more power con- 
sumptive in comparison to video, so its application and dura- 
tion of use would have to be more conservatively applied in 
comparison to video. 

Coupling transmitters and data loggers with environ- 
mental sensors attached to focal individuals and having 
the AUV sample the habitat around the tagged individual 
can provide insight into how sharks are selecting habitats 
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Figure 6.10 REMUS 100 outfitted with six video cameras providing nearly 360° video coverage around the AUV and acoustic tran- 
sponder tag (inset), used to record white sharks at Guadalupe Island Mexico. (From Skomal, G. et al., J. Fish Biol., 87(6), 


1293-1312, 2015.) 


and differentiating among environmental gradients. Future 
AUV control algorithms can incorporate where the AUV 
has previously sampled and direct the AUV to alternative 
locations around the moving animals for a more comprehen- 
sive characterization of environmental conditions available 
to the focal animal. This would maximize environmental 
information gain and provide a more holistic picture of the 
behavior of the animal. 


6.3.2.4 Habitats and Species Tracked 


Most of the studies published to date using autonomous 
active tracking systems have been largely methodological 
and have focused on the development of the technology 
and its efficacy. These tracks have taken place on a range 
of species, including non-obligate ram ventilating species 
such as leopard sharks (Triakis semifasciata) and obligate 
ram ventilating species such as white and basking sharks 
(Cetorhinus maximus), in shallow coastal areas as well as 
deeper habitats. Using a modified Iver2 AUV, Clarke et al. 
(2013) developed an SBL system (Lotek MAP 600) designed 
for tracking leopard sharks in southern California. Leopard 
sharks, which are known to aggregate in shallow habitats 
for thermoregulatory benefits (Hight and Lowe, 2007; 
Nosal et al., 2014) and exhibit restricted space use during 
the day, were tracked in embayments ranging from inter- 
tidal to 25 m in depth. Tagged leopard sharks were simul- 
taneously actively tracked by a human in a surface vessel 
and by an SBL-equipped AUV for comparison of positional 
accuracy and frequency of data acquisition. Comparative 
tracks (AUV and a human active tracker) indicated that 
this autonomous system provided similar or better spatial 


accuracy than a human active tracker, yet provided signifi- 
cantly more accurate locations than a human (White et al., 
2016) (Figure 6.11). 
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Figure 6.11 Position estimates of a tagged leopard shark tracked 
in a small cove at Santa Catalina Island. The red dots 
indicate position estimates made from a human active 
tracker in a surface vessel using closest estimated 
range to determine position. The blue dots indicate 
position estimates from a simultaneous track of the 
SBL-enabled AUV programmed to remain at least 20 
m away from the tagged shark. Colored polygons rep- 
resent estimated utilization distribution areas of the 
shark tracked using both methods. (From White, C.F. 
et al., J. Exp. Mar. Biol. Ecol., 485, 112-118, 2016.) 
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Individual tracks have lasted longer than 4 hr, and either 
single or pairs of cooperative AUVs were tested and com- 
pared for their accuracy and ability to maintain contact with 
a tagged leopard shark. These high-resolution spatiotempo- 
ral movement data overlaid on high-resolution temperature 
maps showed leopard sharks spending most of their time in 
a small temperature range (Bernal and Lowe, 2016). Yet, 
because the leopard sharks were in shallow (<2 m), rocky, 
and often narrow habitats, the AUVs would occasionally 
have to position themselves at a distance (>100 m) from the 
tagged animal, so detection efficiency and subsequently 
positional accuracy suffered. 

A REMUS 100 outfitted with a USBL system has been 
used to track basking sharks and white sharks off Cape Cod, 
Massachusetts (Packard et al., 2013). This study was largely 
methodological, but the authors were able to show that the 
tracked white sharks remained closely associated to the ben- 
thos while swimming outside seal colonies. Because white 
sharks were using shallow habitats close to shore, the AUV 
had difficulties tracking tagged individuals due to periodic 
loss of transponder detection. White sharks have addition- 
ally been tracked off Guadalupe Island, Mexico (Kukulya 
et al., 2015). Six video cameras mounted to the AUV (for- 
ward and reverse) were used to document shark behavior, 
such as attack events on the AUV (Figure 6.12), as well as 
shark depth and association with conspecifics (Skomal et 
al., 2015). White sharks globally are thought to mainly cap- 
ture prey near the surface by ambushing them, yet the loca- 
tion and the frequency at which these tracking AUVs were 
attacked by white sharks have led to suggestions that sharks 
at Guadalupe might be capturing prey at depth (Skomal et 
al., 2015). Deeper coastal water around Guadalupe Island 
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allowed the AUVs to encounter few obstacles with less 
ambient noise, so AUVs were more successful in tracking 
tagged sharks; however, sharks were able to dive deeper 
than the depth rating of the AUVs (>100 m). The researchers 
had a second tracking AUV (REMUS 600) that was capable 
of diving deeper; however, deploying the AUV in a timely 
manner before the shark was lost was problematic, as well. 


6.4 EXPECTATIONS AND DATA 


Like most emerging technologies, autonomous tracking sys- 
tems have the capability of generating considerably larger 
and more complex datasets than conventional active and 
passive tracking due to their ability to gather environmen- 
tal data while tracking; therefore, there may be considerable 
need for data postprocessing, synthesis, and error check- 
ing. Because these data are spatially explicit and often three 
dimensional, more sophisticated data visualization methods 
are needed (Martin et al., 2006; Viswanathan et al., 2017). 
Not only are these accompanying tools necessary for data 
visualization and display, but they also will be integral in 
development of new analytical methods for identifying and 
quantifying behavioral patterns and changes in behavioral 
state with changing social and environmental conditions. 
6.4.1. Post Hoc Analysis of AUV Tracks 
and Movement Predictions 


As demonstrated by Haulsee et al. (2015), using autonomous 
vehicles to survey for tagged sharks can greatly enhance 
passive tracking arrays by providing greater area coverage 
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Figure 6.12 The top figure shows the depth of the AUV (green line), and the depth of the shark (black line) recorded onboard a REMUS 
100 using an ultra-short base line (USBL) acoustic receiver system. During this span, the shark approached the AUV several 
times, ultimately biting the AUV twice, while the multiple cameras video recorded the approaches and bites. (From Skomal, 


G. et al., J. Fish Biol., 87(6), 1293-1312, 2015.) 
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and simultaneous measurements of environmental con- 
ditions. These datasets are quite different from those of 
conventional stationary acoustic receiver arrays but when 
analyzed together can provide a much richer understand- 
ing of movement and habitat selection than can often be 
inferred from passive tracking alone. For example, with 
sufficient sampling and adequate environmental monitor- 
ing, habitat suitability models can be developed and used to 
predict changes in distributions, migrations, and migration 
routes. Furthermore, these migration routes can potentially 
be determined from these types of datasets (White, 2016). 

One advantage of autonomous vehicle platform active 
tracking of elasmobranchs is that these systems can pro- 
vide comparable positional accuracy as human-based active 
tracking, but at a much higher frequency and while main- 
taining a distance away from the tagged shark. Using these 
telemetry systems also provides error measures for each 
position that can be appropriately filtered to provide more 
accurate information for assessing habitat association, rate 
of movement, and fine-scale behaviors. 

In addition to obtaining high-resolution position data 
from autonomous tracking platforms, the ability to overlay 
these movements over high-resolution, three-dimensional 
(3D) environmental data (often interpolated from stationary 
sensors) provides the opportunity to quantify habitat selec- 
tion and potentially preference. This can allow for develop- 
ment of 3D habitat suitability models, which can be used 
to make predictions of under what conditions individuals 
should initiate seasonal migrations, select new habitats, and 
shift distributions under changing climate and rising ocean 
temperatures. Coupling these high-resolution movement 
data with spatially explicit baited remote underwater video 
(BRUV; see Chapter 7 in this volume) and autonomous cam- 
era and image sonar surveys provides the ability to quanti- 
tatively evaluate influences such as prey density, intra- and 
interspecific competition, and presence of mates to predict 
degree of site fidelity and cues influencing potential emigra- 
tion. Of course, the utility of autonomous tracking vehicles 
is still valuable but more limited without corresponding 
environmental and biological data. 


6.4.2 Technical Limitations 


Autonomous vehicle and telemetry technology has advanced 
considerably over the last 20 years, but there are still numer- 
ous technical limitations that must be considered before 
attempting to utilize these tools. Although smaller and less 
expensive AUVs are commercially available, they are still 
quite expensive (base models are equivalent to the cost of a 
new, fully equipped 8-m research vessel), not including the 
cost of the telemetry system. ASVs are currently the least 
expensive option for full autonomous tracking platforms, but 
these systems are limited by battery life, power, and speed. 
Battery life poses a distinct challenge for either surveying 
or active tracking. Most smaller class AUVs (e.g., Iver2, 
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Iver3, REMUS 100) have a depth range of only 100 m and 
have approximately 12 hr of battery life under low cruis- 
ing speeds and with conservative use of power-consumptive 
sensors. Larger, more expensive AUVs (e.g., REMUS 600) 
can operate at deeper depths (600 m) and offer consider- 
ably longer battery life; they are capable of operating at 
low cruising speeds for up to 24 hr. However, these larger 
vehicles are heavy, making deployment and retrieval more 
difficult and requiring larger vessels to support. Continuous 
multiple-day tracks would require at least two AUVs that 
could be swapped out during a track while the other is being 
recharged. This reduces the advantages of autonomy and 
may only be feasible in protected embayments or for coastal 
applications. Wave- and buoyancy-driven vehicles have 
reduced power requirements and therefore can be used for 
longer deployments, but they may also suffer from shorter 
battery life if power-consumptive sensors are not used 
conservatively. 

Another technical limitation of AUVs for tracking 
highly mobile elasmobranchs may be maximum operating 
speed of the platforms relative to the detection range of the 
transmitters being applied. Most AUVs have a maximum 
operating speed of 4.5 knots (2.3 m/sec) and may not be 
able to stay within the detection range of faster swimming 
species such as shortfin mako shark (/surus oxyrinchus) 
or gray reef shark (Carcharhinus amblyrhynchos). Even 
though these highly mobile species of elasmobranchs can- 
not maintain these speeds for long periods of time, they 
may be able to lose the AUV by rapidly moving outside 
the AUV’s detection range. In addition, much like while 
active tracking, acoustic receiver performance decreases 
with increased speed due to cavitation around the hydro- 
phone. This makes it more difficult for the AUV to main- 
tain contact with the tagged shark while it is traveling at 
higher speeds. This may also be problematic when track- 
ing smaller elasmobranchs which requires smaller acoustic 
transmitters that inherently have lower power output and 
shorter battery lives. 

Another major technical limitation required for full 
autonomous tracking or surveying is the ability to avoid 
stationary obstacles such as shore lines, seafloors, docks, 
and reef markers—features for which there are discrete 
geospatial references. All AUVs have the capabilities to be 
programmed to remain within coordinate boundaries or to 
move around a coordinate position; however, their ability 
to make these movements correctly is based on the accu- 
racy of the geoposition estimates of these features and the 
AUV’s accuracy of its position while moving. The altim- 
eter can help prevent the AUV from running aground, but 
steep vertical walls can pose navigation challenges; the 
situation is further complicated because the AUV’s ability 
to estimate its geolocation is reduced the longer it remains 
underwater. Therefore, operating in complex and enclosed 
spaces can be challenging for even the most maneuverable 
AUVs. Moving and small-profile obstacles such as boats, 
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moorings, kelp, and people in the water pose additional 
challenges for avoidance, as their geopositions are dynamic. 
To address these challenges, forward-facing sonar or video 
systems can be used and programmed to enable the AUV 
to avoid moving and potentially entangling obstacles; how- 
ever, these systems are power consumptive, which may 
further reduce tracking duration. Despite these limitations, 
engineers and programmers are developing new sensors 
and detection algorithms to improve obstacle avoidance, 
improve battery technology, develop in-water recharging 
stations, and control planning for AUVs. 


6.4.3 Potential AUV System Configuration 
and Planning Abilities 


The use of AUVs for tracking marine animals is not limited 
to a single AUV tracking a single animal. Recent research 
has demonstrated the advantages of using multiple AUVs 
to track an animal (e.g., Clark et al., 2013; Kukulya et al., 
2016; Lin et al., 2013, 2017; Shinzaki et al., 2013; Tang et 
al., 2014). The combined sensor footprint is increased, and 
there is an increase in sensor vantage points, which reduces 
positional errors. There is also the possibility of tracking 
multiple animals simultaneously. If acoustic CDMA-type 
transmitters are used (e.g., share the same time slot with 
a time division multiple access protocol), then even a sin- 
gle AUV can detect and track multiple tagged individuals 
simultaneously as long as they all remained in the same 
area. To accomplish this, more sophisticated AUV path 
planning algorithms may be required that direct vehicles 
to optimal locations, such as the locations that when visited 
yield the highest likelihood of the AUV being in range of 
and detecting all animals. With such applications in mind, 
algorithms for the autonomous vehicle tracking of multiple 
targets has been an active area of research that is providing 
the AUV community with several starting points for such 
future work. 


6.4.4 Future Sensor Integration and 
Autonomy Capabilities 


Autonomous vehicle technology (AUV and ASV) has the 
potential to completely change the way marine life is sur- 
veyed and tracked. Work in the last decade has provided sey- 
eral examples of successful tracking experiments, and the 
technology has matured to the point where it can be used 
for systematic tracking deployments. Image sonar offers 
potentially one of the greatest additions to sensor integra- 
tion for AUV operations and enhanced tracking capabilities. 
Forward-facing image sonar could be used not only for AUV 
obstacle avoidance but also for visualizing the tagged sharks 
and its associated surroundings. This technology can also 
be used to measure the size of tagged sharks and any other 
associated individuals within the sonar window. 
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Moving from SBL to USBL hydrophone arrays not 
only improves position estimates but also significantly 
reduces drag and the power consumption of tracking AUVs 
and increases the mobility and utility of ASVs. The USBL 
hydrophone arrays can also be used to detect one-way 
PIC-type transmitters, which will allow for a greater selec- 
tion of telemetry systems for integration into autonomous 
tracking platforms and tracking of much smaller transmit- 
ters (Rypkema et al., 2017). AUVs could be equipped with 
transponder technology and programmed to search out elas- 
mobranchs instrumented with archival transponding tags. 
Once located, the AUV would be programmed to follow 
the tagged shark until all the archived data from the shark’s 
transponding tag has been downloaded to the AUV. Because 
transponding tags are quite large, this technology might 
only be feasible for larger elasmobranchs in the near future. 

The future of this technology will provide greater posi- 
tioning accuracy, increased temporal resolution, reduced 
labor intensity, and simultaneous sampling of the envi- 
ronment, as well as access to new datasets that were pre- 
viously unachievable. Automatic identification of habitat 
type, quantification of aggregation sizes and densities, and 
intelligent inference of near-future animal behavior are pos- 
sible, but these are only a subset of the new capabilities that 
will provide marine biologists with new data and hence new 
findings. 


6.5 SUMMARY AND CONCLUSIONS 


While, historically, autonomous vehicle technology was 
used and developed for remote open ocean exploration, the 
need for coastal autonomous oceanographic monitoring has 
increased, which has driven the development of a range of 
autonomous vehicle platforms (AUV and ASV) that are 
smaller, more maneuverable, and more affordable. In addi- 
tion, acoustic telemetry companies have begun to recognize 
the growing market for autonomous vehicles and need for 
adapting their technology for application on these robotic 
platforms. The expectation is that the development and use 
of autonomous tracking platforms will expand greatly in the 
next decade and will require biologists to work more closely 
with oceanographers, computer scientists, and engineers in 
order to produce the systems and tools necessary to address 
more complex questions about the behavior and ecology 
of elasmobranchs. In addition, there is a growing need for 
higher resolution positioning and simultaneous environmen- 
tal monitoring in order to quantify habitat use, migration 
cues, migration pathways, and drivers of movement strate- 
gies of elasmobranch fishes. The continued development 
of these tools will help address questions regarding habitat 
recolonization of recovering populations; the effects of cli- 
mate change on distributions, migrations, and habitat selec- 
tion; and the evaluation of essential habitat for highly mobile 
shark and ray species. 
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7.1. INTRODUCTION 


Our understanding of the biology and ecology of sharks and 
other highly mobile fish species relies largely on fishery- 
dependent data from commercial and recreational fisheries 
(Myers and Worm, 2003; Oliver et al., 2015). Catches made 
by net, hook and line, trawl, or trapping can provide valuable 
information, especially when biological samples are required 
(Jaiteh et al., 2014; Santana-Garcon et al., 2014a). However, 
these methods are often harmful and can result in direct mor- 
tality at capture or cryptic mortality after release. Ethically, 
invasive sampling techniques are becoming less acceptable 
with growing concerns over the status of some threatened, 
endangered, and protected species (e.g., sawsharks). 

Serial depletion (i.e., the continued removal of indi- 
viduals when sampling with extractive methods) can bias 
future sampling and is undesirable for long-term monitor- 
ing. Fishery-dependent methods can also introduce sam- 
pling biases due to gear selectivity and heterogeneous 
fishing efforts that discriminate among species, sizes, and 
habitats (Murphy and Jenkins, 2010; Simpfendorfer et al., 
2002). Destructive sampling is prohibited in many “no take” 
marine reserves and restricted in other management zones 
(Robbins et al., 2013). This potentially limits the versatility 
of extractive sampling techniques for evaluating the effec- 
tiveness of fisheries management and conservation strate- 
gies in these areas. 

Non-extractive (i.e., nondestructive) visual methods 
using scuba divers or cameras have become widely used 
alternatives to fishing methods when collecting data on 
marine fishes. The underwater visual census (UVC) tech- 
nique was developed in 1954 (Brock, 1954) and is now one 
of the most common non-extractive methods for sampling 
fishes in shallow waters. Underwater visual censuses of 
sharks have also been used to survey the population status 
of carcharhinid reef sharks (Rizzari et al., 2014a,b; Robbins 
et al., 2006). Many species of sharks are rare, highly mobile, 
and nocturnally active or vary in their response to divers 
(MacNeil et al., 2008), so UVC is often an unsuitable sur- 
vey technique. Previous studies using UVC to sample reef 
sharks have resulted in overestimation of the density of reef 
sharks in areas of high abundance (Ward-Paige et al., 2010) 
or a lack of replication and sampling power in areas of low 
abundance (McCauley et al., 2012). 

Remotely operated camera systems (e.g., “camera traps’’) 
have been used to capture images of animals under natural 
conditions since the late 19th century (Carey, 1926; Kucera 
and Barrett, 2011). Over the course of the 20th century, 
rapid technological advancements in imaging systems have 
increased our ability to explore underwater environments 
(Mallet and Pelletier, 2014). As a result, marine scientists 
have increasingly adopted the use of camera technology to 
sample marine animals since the 1980s (see review by Shortis 
et al., 2009). The use of video sampling has increased greatly 
over the last 5 years as the size and cost of video cameras 


have decreased dramatically, particularly in the consumer 
market (Struthers et al., 2015). Remote underwater video 
(RUV), where a camera system is used to make observations 
rather than a diver, provides an alternative to UVC. Remote 
video techniques can access depths and habitats inaccessible 
to divers (Goetze et al., 2011) and have been used to avoid 
the behavioral biases of fish (Watson and Harvey, 2007) and 
sharks (McCauley et al., 2012) toward divers. They have also 
been used to sample for longer time periods through the day 
and night (Myers et al., 2016). A major advantage of video 
techniques is that images and video footage can be stored as 
a permanent digital record. The imagery can be accessed by 
other users for distribution and repeated examination by an 
unlimited audience of observers to identify taxa and behav- 
iors in the field of view, verify findings, or garner new infor- 
mation (Cappo et al., 2003). 

The objectives of this chapter are to describe the types 
of stationary video systems that have been used to sample 
elasmobranchs (sharks, herein), discuss the advantages and 
disadvantages of these various methods, and to provide rec- 
ommendations and future directions for the use of stationary 
video camera systems. This chapter considers only station- 
ary video techniques, not video that is attached to individual 
animals (see Chapter 5 in this volume) or diver-operated 
systems used to measure length and behavior of sharks 
(Marshall and Pierce, 2012; Sequeira et al., 2016; Vianna 
et al., 2016). 

7.1.1. Unbaited Stationary Video Systems 

In theory, estimates of shark and ray abundance from 
unbaited stationary cameras should track true abundance 
linearly, providing a sample area is calculated (as is pos- 
sible when using stereo-video technology). However, sharks 
and rays are generally rare and mobile species, so a large 
sampling effort is required to survey an adequate sample 
size that would allow for robust statistical comparisons. 
For this reason, unbaited stationary cameras have not been 
used extensively to sample sharks, with a limited num- 
ber of studies in the literature (Bernard and G6tz, 2012; 
Dunbrack, 2008; Loiseau et al., 2016; McCauley et al., 
2012). A common solution is to add some form of bait to 
the RUV to increase the proportion of predatory fishes, 
sharks, and rays that are observed in the field of view. This 
is colloquially known as baited remote underwater video 
systems (BRUVs) (Goetze et al., 2015; Harvey et al., 2007; 
Mallet and Pelletier, 2014; Santana-Garcon et al., 2014a; 
Whitmarsh et al., 2017). 


7.1.2 Baited Stationary Video Systems 


Baited remote underwater video systems (or stations) (Cappo 
et al., 2000, 2003, 2004, 2006; Harvey et al., 2007) involve 
the use of video cameras that are deployed underwater with 
a bait canister in the field of view (Figure 7.1). The initial 
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Figure 7.1 


Baited remote underwater video systems (BRUVs) 
in action on the seafloor in a coral reef habitat. (Top) 
BRUVs with a single camera at Scott Reef in northwest- 
ern Australia (photograph courtesy of P.Tinkler, AIMS). 
(Middle) Stereo-BRUVs in the U.S. territory of Guam, 
Micronesia (photograph courtesy of S. Lindfield, CRRF). 
(Bottom) New-generation stereo-BRUVs deployed in 
Papua New Guinea. The recent development of small 
solid-state cameras has allowed miniaturization of the 
more modern housings and BRUVs. The larger stereo- 
BRUVs (middle) measures 145 x 90 x 70 cm (W x D x 
H) and weighs approximately 35 kg; the modern stereo- 
BRUVs (bottom) measures 82 x 66 x 50 cm and weighs 
approximately 7 kg. 
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bait plume attracts animals into the field of view, as does the 
“berley effect” of feeding activity on the bait canister (Cappo 
et al., 2000). The technique also records animals indifferent 
to the bait attractant but resident in the field of view or pass- 
ing during normal routines (Cappo et al., 2006; Harvey et 
al., 2007; Watson et al., 2005). BRUVs are becoming widely 
adopted due to their minimal impact on the ecosystem, their 
potential to overcome some of the biases associated with the 
use of extractive techniques or the presence of scuba divers, 
and their provision of a permanent digital record (Harvey et 
al., 2004; Whitmarsh et al., 2017). 

The use of bait to attract animals to BRUVs makes the 
technique particularly suited for sampling large carnivorous 
species targeted by fisheries and those with special conserva- 
tion needs (Cappo et al., 2003; Goetze and Fullwood, 2013; 
Goetze et al., 2015; Langlois et al., 2012), without precluding 
the sampling of species from other trophic groups (Dorman 
et al., 2012; Hardinge et al., 2013; Harvey et al., 2007; Watson 
et al., 2005). BRUVs have become widely adopted and have 
been used to sample assemblages across a variety of habi- 
tats and depths ( ). In particular, BRUVs have been 
used to survey a wide variety of sharks (Bond et al., 2012; 
Espinoza et al., 2014; Goetze and Fullwood, 2013), offering 
a non-extractive alternative to longline surveys while pro- 
viding similar estimates of shark abundance (Brooks et al., 
2011; Santana-Garcon et al., 2014a). 

Because multiple systems can be deployed simultane- 
ously, this method is particularly useful for covering large 
spatial scales with high replication. BRUVs have been used 
to map the patterns of habitat association and relative abun- 
dance of common reef sharks across entire biomes (F 

3) (Espinoza et al., 2014). This application demonstrates 
that BRUVs are a powerful and cost-effective method for 
assessing spatial and temporal changes in the diversity, rela- 
tive abundance, and length structure of sharks and fishes. 
In recent years, the reduction in size and cost of hardware 
that has occurred with the development of action cameras 
(e.g., GoPro™) has made the technique relatively cost effi- 
cient (Struthers et al., 2015). For these reasons, BRU Vs have 
become the most popular form of video-based sampling 
method for sharks, rays and fishes (Whitmarsh et al., 2017). 


7.2 DEPLOYMENT METHODOLOGY 
7.2.1_ Demersal or Benthic Baited Remote 
Underwater Video Systems 


Shallow water demersal or benthic BRUVs use video cam- 
eras in underwater housings to film the area surrounding a 
bait canister (F ). Bait canisters are generally placed 
relatively close to the camera system (<1.5 m) to enable 
identification and counts of individuals in the field of view 
(Ellis and DeMartini, 1995; Heagney et al., 2007; Willis 
and Babcock, 2000). Details on bait type and quantity are 
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Figure 7.2 BRUVs have been used in a range of habitats and depths: (A) Gray reef sharks (Carcharhinus amblyrhynchos) over tropical 
coral reef at Jarvis Island, Pacific Ocean. (B) White-spotted guitarfish (Rhynchobatus australiae) over tropical sandy seabed 
in the Pilbara region of Western Australia. (C) Tiger shark (Galeocerdo cuvier) over a tropical macroalgae-covered reef in 
the Pilbara region of Western Australia. (D) Gray nurse shark (Carcharias taurus) over a temperate macroalgae-covered reef 
off southwestern Australia. (E) Shortfin mako shark (/surus oxyrinchus) over temperate seagrass habitat off southwestern 
Australia. (F) Port Jackson sharks (Heterodontus portusjacksoni) over temperate sandy seabed off southwestern Australia. 
(G) Great hammerhead shark (Sphyrna mokarran) in water 200 m deep off Ningaloo reef in northwestern Australia. (H) Great 
white shark (Carcharodon carcharias) in water 100 m deep off southeastern New Zealand. 


discussed in detail in § . The camera housings are 
generally encased within a frame (Figu ) to stabilize 
the system on the seafloor, protect the camera, and allow 
the system to sit above the benthos with a clear field of view. 
A design with a flat bottom that can break away if caught on 
the benthos (F ) is thought to be the most stable. 


These frames are generally deployed from boats onto the 
seafloor using ropes and floats to enable retrieval. Larger 
vessels are capable of deploying up to 14 systems or more 
in sequence to increase efficiency and spatial replication. 
Cameras are then left to record for a set period of time (see 


). 
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Figure 7.3 Baited video techniques can provide standardized, non-extractive, non-intrusive sampling at any depth or time of day across 
entire biomes for elasmobranchs. These data have been used to map the patterns of habitat association and relative abun- 
dance of common reef sharks in the Great Barrier Reef Marine Park. (From Espinoza, M. et al., PLoS ONE, 9, e106885, 2014.) 


One of the major differences among the designs of shal- 
low-water benthic BRUVs is the orientation of the cameras to 
face vertically down at the benthos (i.e., downward-facing) 
or horizontally across (i.e., forward-facing). Previous stud- 
ies have shown differences in the fish communities observed 
between downward- and forward-facing BRUVs (Cundy et 
al., 2017; Langlois et al., 2006). The advantage of down- 
ward-facing BRUVs is that they ensure a standardized field 
of view, allow for simple measurements of length against a 
calibrated frame, and are less affected by low water clarity. 
However, behavioral bias may occur for some species hesi- 
tant to enter underneath the camera (Coghlan et al., 2017; 
Dunlop et al., 2015; Langlois et al., 2006). Downward-facing 
BRUVs have been used to survey reef fishes (Willis and 
Babcock, 2000); however, large sharks and rays are rarely 
recorded as a result of the limited field of view. 

Forward-facing BRUVs provide a wide field of view, 
observe a larger number of species (not just those inter- 
ested in the bait), and are now the most commonly used 
configuration (Mallet and Pelletier, 2014). The height and 
width of the field of view can be standardized when using 
single cameras, but not the depth of field. The depth of field 
depends not just on water clarity but also on the size (and 
hence visibility) of the animals in relation to the camera 
resolution. For example, a 4-m tiger shark (Galeocerdo 
cuvier) can be seen and identified to species level farther 
from the cameras than a small shark (<700 mm) in the 


genera Loxodon or Rhizoprionodon. Stereo-video systems 
can be used to standardize the maximum distance and field 
of view in which individuals are counted and identified 
(Figure 7.5) (see Section 7.2.5). In contrast to the field of 
view, which can be calculated, quantifying the actual area 
from which sharks are attracted to the baited video sys- 
tem is more difficult. Doing so depends on the potential 
area covered by the bait plume, the swimming speed of 
different sharks, the local currents, and the sensitivity of 
different species to detect the bait plume and their behav- 
ior when they have detected it (Hannah and Blume, 2016; 
Martinez et al., 2011; Priede et al., 1990; Westerberg and 
Westerberg, 2011) (see Section 7.2.4). 

Despite some variations in the design of benthic 
BRUVs, effort has been made to standardize approaches, 
including system design, bait type and quantity, soak time, 
and spatial layout (Cappo et al., 2006). Standardization 
is an important step to enable broadscale synthesis of 
baited underwater video data. The Global FinPrint project 
(https://globalfinprint.org/) is the first global assessment of 
the status of shark and rays across coral reefs and provides 
a good example of using standardized approaches and pro- 
tocols for BRUVs. Demersal BRUVs used in shallow water 
(less than 50 m) vary in shape, size, and weight (7 to 35 
kg) depending on the location and habitat. In deeper water, 
the systems tend to be much heavier (up to several hundred 
kilograms). 
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Figure 7.4 System designs used in baited video surveys: (A) Stereo-BRUVs (Harvey et al., 2002b; Watson et al., 2010) (modified from 
Harvey, E.S. et al., PLoS ONE, 8:e80955, 2013). (B) BRUVs (Cappo et al., 2007; Rizzari et al., 2014a) (modified from Harvey, 
E.S. et al., in 2011 National Workshop, The University of Western Australia, Perth, 2013, pp. 1-202). (C) BRUVs (Cappo et 
al., 2004; Ellis and DeMartini, 1995; Harasti et al., 2015; Malcolm et al., 2007) (modified from Harvey, E.S. et al., PLoS ONE, 
8:e80955, 2013). (D) DeepBRUVs (modified from Marouchos, A. et al., in MTS/IEEE OCEANS 2011—Santander, Spain, 
Institute of Electrical and Electronics Engineers, Piscataway, NJ, 2011, pp. 1-5). (E) Deepwater ROBIO lander (modified from 
Bailey, D.M. et al., Mar. Ecol. Prog. Ser., 350, 179-192, 2007). (F) Pelagic stereo-BRUVs (Santana-Garcon et al., 2014b) 
(modified from Santana-Garcon, J. et al., Meth. Ecol. Evol., 5, 824-833, 2014). 


7.2.2. Deepwater Stationary Systems 


Rapid technological development after World War II and 
the industrialization of commercial fisheries resulted in 
increased fishing pressure on the continental shelves of 
many countries and expansion of fisheries into deeper 
waters between 200 and 1500 m (Koslow et al., 2000). 
Many deepwater species have low productivity and fecun- 
dity, are late maturing, have slow growth rates, and are long 
lived, making them vulnerable to overfishing. This is par- 
ticularly applicable to deep sea sharks such as gulper sharks 
(Centrophorus species), which are believed to have the 


lowest reproductive potential of all chondrichthyans (Kyne 
and Simpfendorfer, 2007). There is a need for non-extractive 
sampling techniques that can cost-effectively collect data on 
the relative abundance and size frequency of these deepwa- 
ter populations, both spatially and temporally (McLean et 
al., 2015). Baited video systems that are not limited by depth 
have proven to be a potential solution. 

One of the big challenges of sampling deepwater sharks 
is their rarity. An advantage of baited cameras is that a sin- 
gle deployment can aggregate animals from the surrounding 
areas (Bailey et al., 2007). However, sampling in deep water 
(beyond 100 m) with baited cameras can be logistically 
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Figure 7.5 Left and right camera images from the same stereo-BRUVs deployment in the EventMeasure stereo software. Here, a length 
measurement is being made of an 88-cm (fork length) blacktip reef shark (Carcharhinus melanopterus) at the Cocos (Keeling) 


Islands.. 


difficult and costly due to the requirement of artificial light- 
ing (see Section 7.4), underwater housings capable of with- 
standing greater water pressure, and difficulties in deploying 
and recovering systems. 

Two studies in Australia have used stereo-BRUVs to 
assess fish and shark populations in deeper waters (300 to 600 
m) (McLean et al., 2015; Sih et al., 2017). In New Zealand, 
similar systems have been deployed in up to 1200 m of water 
to examine the diversity and composition of fish assemblages 
(Zintzen et al., 2012, 2017). In both the New Zealand and 
Australian studies, stereo-BRUVs have been deployed and 
retrieved using ropes with surface buoys. As a general guide, 
for every meter of water depth approximately 1.5 m of rope 
are needed to ensure that there is sufficient surface slack to 
be able to retrieve the buoys. One of the major challenges 
is storing, deploying, and retrieving the ropes from the ves- 
sel; for example, deployments in 1000 m of water require up 
to 1500 m of rope, which requires careful management (see 
supplementary material in Zintzen et al., 2012). Commercial 
fishers routinely use ropes in these depths to deploy and 
recover traps for deep sea crabs. However, the use of ropes 
at depth is a balance between reducing the water drag on the 
rope by minimizing the diameter of the rope while still main- 
taining the breaking strain of the rope in order to pull the 
baited camera system to the surface. 

An alternative is to use “ropeless” baited cameras sys- 
tems that utilize acoustic or mechanical releases to drop a 
sacrificial weight and float back to the surface. The devel- 
opment of these “landers” was pioneered by Priede and 


Bagley (2003) for use in abyssal waters. BotCam, for exam- 
ple, is a fishery-independent tool used to monitor and study 
the Hawaiian deepwater fish species between 100 and 300 
m (Merritt et al., 2011). The system uses two ultra-low-light 
video cameras for stereo-video and contains a temperature 
and pressure recorder, a battery pack, and a relay used to 
trigger a bait release system. BotCam floats ~3 m above 
sacrificial concrete weights, which are left on the bottom 
when an acoustic mooring releases the weights. A similar 
system, DeepBRUVS (Figure 7.4D), developed by CSIRO 
in Australia, also uses sacrificial weights with acoustic 
releases and low-light cameras for operating at depths to 
1000 m (Marouchos et al., 2011). DeepBRUVS are equipped 
with a stereo-video system, color balanced white lighting, 
and a bait release mechanism that permits multiple repli- 
cate video samples to be taken. The system has a number 
of floats and descends at 0.5 m/sec, taking around 30 min 
to reach its maximum operating depth of 1000 m. When 
it returns to the surface, it has a 1.5-m reflective mast, a 
strobe, and a radio range finder to aid relocation. This sys- 
tem has 10-liter storage for a liquefied bait, which can be 
released in small increments at timed intervals. Some of the 
deepwater systems, including the DeepBRUVS, have been 
constructed so they can be deployed for up to 6 months and 
make multiple recordings over this period (Marouchos et 
al., 2011). 

Baited cameras have been deployed to greater depths, up 
to 10,000 m (Bailey et al., 2007); for example, chondrich- 
thyans have been recorded at depths of 7703 m (Fujii et al., 
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2010). Baited camera systems that are used at these great 
depths are very different in design from those used in shal- 
lower water. One such system, the ROBIO lander (Figure 
7.4E), can be deployed on free-falling autonomous vehicles 
(Bailey et al., 2007). The data collected from these deep 
baited cameras have made enormous contributions to our 
understanding of the biology of the deep sea. However, these 
systems can be large and heavy (weighing up to 250 kg in 
air) and must be deployed from large vessels that are expen- 
sive to run. Given the cost of the systems (e.g., ~$25,000 for 
BotCam and over $50,000 for DeepBRUVS), most deep-sea 
sampling programs do not have enough systems to obtain 
good spatial coverage and replication. Baited cameras are 
potentially a valuable tool to increase our understanding of 
deep sea sharks, but there is a need to develop smaller, low- 
cost systems that can be deployed and recovered easily from 
vessels of opportunity (e.g., commercial fishing vessels). In 
turn, decreasing the cost will increase the number of units 
available for simultaneous deployment and the number of 
replicate samples obtainable. 


7.2.3 Pelagic or Mid-Water Baited Remote 
Underwater Video Systems 


Methods that are used in benthic habitats have been 
adapted to be applied to mid-water to target pelagic spe- 
cies (Berkenpas et al., 2017; Bouchet and Meeuwig, 2015; 
Fukuba et al., 2015; Heagney et al., 2007; Santana-Garcon 
et al., 2014a—c). Variation in design has allowed multiple 
systems to be deployed simultaneously from both small 
and large vessels, in order to maximize replication while 
minimizing field time and costs. For example, the deploy- 
ment method presented by Santana-Garcon et al. (2014a,b) 
is moored to the seafloor and has been used at depths from 
5 to 120 m in coastal waters and at exposed offshore sites 
(Figure 7.4F). This method could readily be adapted for 
deeper or drifting deployments. The design of this system 
makes the bait arm act as a rudder so that the cameras face 
downstream of the current, resulting in a clearer view of 
individuals that approach the camera while following the 
bait plume. The ballast and subsurface floats minimize the 
vertical movement of the cameras that may be driven and 
exacerbated by wave motion (Heagney et al., 2007; Merritt 
et al., 2011). This has proven to be an advantage over other 
systems tested in mid-water environments that have failed 
to effectively stabilize the camera systems (Letessier et 
al. 2013). The associated costs of building these pelagic 
stereo-BRUVs and the onboard logistics of using them are 
similar to those for the commonly used benthic BRUVs 
(Cappo et al., 2003, 2006). 

Current development and trials of drifting deployment 
methods are expanding the use of baited video systems to 
open ocean sampling (Berkenpas et al., 2017; Bouchet and 
Meeuwig, 2015; Fukuba et al., 2015). The main concerns to 
take into account for drifting systems include the following: 
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1. Establish cost-effective means to track the position of 
the systems to enable retrieval at some predetermined 
time (boats should not remain in the area as this would 
confound the effects of sampling, such as the potential 
use of satellite tracking devices by commercial fishers). 

2. Explore the differences in sampling area and bait plume 
dispersal between drifting and moored systems. This is 
important, as drifting systems have the potential to cover 
large areas based on current speeds. This will affect the 
dispersion of the bait plume and thus the area sampled 
(Heagney et al., 2007). 

3. Minimize the effects of both the drifting action and 
wave motion to ensure stability of the camera systems 
underwater and thus enhance image quality. For exam- 
ple, attaching stereo-video systems to fish aggregation 
devices (FADs) such as those used in commercial fisher- 
ies could potentially enhance the use of video techniques 
in the high seas 

4. Understand how benthic habitats, water depth, and tem- 
perature interact to determine the number of species 
and individuals sampled by pelagic BRUVs. This will 
influence the optimum soak time, bait type, and num- 
ber of replicates necessary to detect meaningful spatial 
and temporal patterns (Anderson and Santana-Garcon, 
2015). 


7.2.4 Estimating Density of Sharks and Rays 


One of the real challenges with baited stationary underwa- 
ter video is estimating the density of focal species rather 
than the relative abundance. Studies using baited stationary 
underwater video targeting deepwater scavengers (Priede 
and Merrett, 1996) have modeled the area of attraction using 
MaxN (or n,,,,) and arrival time, in conjunction with knowl- 
edge of current velocities, fish swimming speeds, and models 
of bait plume behavior and decay to estimate absolute density. 
Priede and Merrett’s density estimation was based on their 
theory that the number of fish visible at the bait is the result 
of an equilibrium between arrivals and departures, and the 
“staying time” or “giving up time” is governed by Charnov’s 
marginal value theorem of optimal foraging, which states that 
the staying time of an animal at an exhaustible food source 
is inversely related to the probability of finding an alterna- 
tive food source (Cappo et al. 2000). Using strict assump- 
tions that all fish are distributed randomly and evenly and 
that they respond immediately, positively, and independently 
from one another to the interception of a bait plume, Priede et 
al. (1990) developed a model of fish density using the “shark 
fin” curve (Figure 7.4). In a plot of number of fish at time t 
(N,) against the soak time (¢ minutes), an initial fish arrival 
rate is relatively rapid, rising to a peak (1,,,,) and declining as 
fish depart. A curve fitted to the data cloud can be broken up 
into a steeper arrival curve and a shallower departure curve, 
which are identical in shape but are separated by a time that 
corresponds to the mean staying time of fish. The difference 
between the two curves gives the actual number of individu- 
als of a species present (King et al., 2006). 
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Theoretical population densities were calculated by 
Priede et al. (1990) from the time of arrival of the first scav- 
engers to the bait using an inverse square law: 

N=C/t’,,, 
where WN is the density of fish per square kilometer, and t,,,.is 


the time delay between the bait landing on the seafloor and 
the arrival of the first fish in seconds: 


C = 0.3848(1/V,+ 1/V,,)° 


The constant C depends on the water velocity in (V,,; ms~) 
dispersing the bait plume downcurrent and the swimming 
velocity of the fish toward the bait (V;; ms"), 

These numerically sophisticated approaches require 
a number of unverifiable assumptions, and results are not 
amenable to robust falsification. For example, Priede et al. 
(1994) found that the 7, of abyssal grenadiers was higher 
at an oligotrophic location with a low fish population and 
low food abundance because individuals stayed longer at the 
bait, whereas in a food-rich area with high population den- 
sity the arrival rate was high because of the higher popula- 
tion, but 7,.,, was low because individuals gave up trying 
to gain access to the bait and left within an hour. Bailey 
and Priede (2002) qualified why such estimates are strongly 
affected by the assumed foraging behavior of the fish spe- 
cies concerned. They modeled three of the possible foraging 
strategies (cross-current foraging, sit-and-wait, and passive 
drifting) of abyssal scavengers, and the likely patterns of fish 
arrival at bait stations were calculated for the same fish den- 
sity, swimming and current velocities, and odor plume prop- 
erties. Each model produced a distinctive pattern of animal 
arrivals that may be diagnostic of each foraging strategy. 

The abyssal scavenger model was tested for Patagonian 
toothfish by Yau et al. (2001), who noted that, for shallow- 
water applications, the inverse relationship between abun- 
dance and the square of the average arrival time will cause 
problems. Because abundance is proportional to the recipro- 
cal of the square of the arrival time, a doubling of the arrival 
time produces a four-fold decline in Priede and Merrett’s 
(1996) abundance estimate. Mean arrival times in shallow 
deployments occur at the level of seconds to minutes, rather 
than the tens of minutes to hours in abyssal studies. Shallower 
deployments can also produce far larger numbers of fish in the 
field of view. Shallow water studies have therefore neglected 
Priede and Merrett’s theoretical approach to density estima- 
tion in favor of informative comparisons of indices of relative 
abundance among treatments, times, and places. 


7.2.5 Stereo-Video 
Although single-camera remote underwater video can pro- 


vide useful measurements of relative abundance, it has lim- 
ited ability for providing accurate estimates of the length of 


individuals (Harvey et al., 2002b). As a result, stereo-video 
systems have become popular in order to facilitate accurate 
estimates of the length and distance to individuals (Harvey 
et al., 2001), and they allow for standardization of visibility 
(Harvey et al., 2004). Stereo-video is being used to make 
accurate and precise measurements of the lengths of fishes 
and sharks ranging from small 30-mm damselfishes to very 
large tiger, white, and even whale sharks up to 9 m in length 
(Sequeira et al., 2016). Length estimates for stereo-video 
are made possible through a calibration process (Harvey 
and Shortis, 1998) and have been shown to be more accu- 
rate when compared to those made by a diver (Harvey et 
al., 2001). In order to achieve this high level of accuracy, it 
is important to follow a standardized calibration procedure, 
ideally with a three-dimensional (3D) calibration object 
(Boutros et al., 2015) and the use of specially designed soft- 
ware such as CAL (http://www.seagis.com.au/bundle.html). 
It is also important to ensure that the camera housings are 
mounted securely to eliminate any movement of the hous- 
ings on the base bar which influences the orientation of the 
housings or the camera separation distance. Finally, it is 
critical to ensure that, when a camera is removed from the 
housing to replace memory cards or batteries, it is relocated 
in exactly the same position to maintain the internal orien- 
tation of the cameras and the distance between the lens and 
the camera port. A very small amount of movement can 
result in large measurement errors, and it is important to 
calibrate systems directly before and after each field trip to 
account for movement that occurs during the transportation 
and deployments of the systems. 

To extract length measurements from stereo-BRUVs, 
specialist software such as EventMeasure (http://www. 
seagis.com.au/event.html) can be used. EventMeasure uses 
the calibration process and synchronized footage from both 
cameras to calculate the length and distance to individuals 
(Figure 7.5). When calibration files have been loaded, the 
measurement process is relatively simple, such that users 
simply need to locate the head and the tail for each indi- 
vidual and the software will compute the length and 3D 
location. Other freeware and two-dimensional calibration 
objects are available (Delacy et al., 2017), but we strongly 
recommend the use of specialized software such as CAL 
and EventMeasure to ensure preservation of the high level 
of accuracy that stereo systems are designed for. 

An added advantage of extracting the length of sharks 
using stereo-video technology is the ability to calculate bio- 
mass through standard length—weight relationships, such as 
those available on FishBase (Froese and Pauly, 2015; Harvey 
et al., 2002a). It is important to obtain both abundance and 
length/biomass, as ecologically relevant patterns that are not 
observed in the abundance data are often detected or may be 
more pronounced in the length/biomass data (Goetze and 
Fullwood, 2013). Length and biomass are considered the 
first metrics to respond to protection from fishing (Claudet 
et al., 2010; Goetze et al., 2017). A recent study by Nash 
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and Graham (2016) suggests that a broad range of metrics is 
needed to successfully assess the state of fisheries and eco- 
system impacts. Although incorporating stereo-video into 
BRUV systems offers a number of advantages, these benefits 
should be considered against the extra cost. 


7.3. TYPES AND QUANTITY OF BAIT USED 


The most common bait used for BRUVs is oily, crushed clu- 
peid baitfish of the genus Sardinops (Harvey et al., 2013b; 
Whitmarsh et al., 2017). Baited camera trials have been 
undertaken testing different types and quantities of baits 
(Dorman et al., 2012; Hardinge et al., 2013). These include 
comparisons of the fish assemblages sampled with tinned 
cat food, falafel mix (Dorman et al., 2012); urchins, abalone 
(Wraith et al., 2013); mussels, salmon (Walsh et al., 2017); 
no bait (Dorman et al., 2012; Hardinge et al., 2013; Harvey et 
al., 2007; Watson et al., 2005); and sardines. In general, sar- 
dines sampled more species and more individuals from tar- 
geted and indicator species and had greater statistical power 
to detect spatial and temporal changes than other bait types. 
Although researchers using baited underwater video use dif- 
ferent volumes of bait, ranging from less than 200 g to 2 kg 
(Harvey et al., 2013b; Whitmarsh et al., 2017), it is impor- 
tant to ensure that there is enough bait so that it is present 
throughout the entire deployment, even when animals are 
attempting to feed from the bait bag. We recommend that a 
minimum of 500 g be used to ensure persistence throughout 
the deployment and a maximum of 1.5 kg to limit the total 
amount of fish used for a sampling method perceived as non- 
extractive. We also recommend the use of “off cuts” or waste 
products from fish that have been filleted, as they contain the 
majority of the oil and align better with conservation work. 

In Australia, most researchers targeting multispecies 
assemblages use Sardinops sagax neopilchardus, which 
is a small pelagic sardine with a high oil content. When 
crushed in a bait bag and placed in seawater, the oil cre- 
ates a bait plume, which attracts fish, sharks, and rays to the 
camera system. The bait type used varies around the world 
depending on the availability and the sampling objective. 
For example, in Hawaii (Asher et al., 2017a,b) and Guam 
(Lindfield et al., 2014, 2016), researchers used Pacific sauri 
(Cololabis saira). In the Mediterranean, Stobart et al. (2007) 
used sardines and an effervescent bait pellet, and Unsworth 
et al. (2014) used a commercial fish feed in the Irish Sea 
containing oily fish meal and fish oils. Although these stud- 
ies did not target sharks or rays specifically, they did observe 
them. Baited camera studies that focused on targeting sharks 
have used tuna (Brooks et al., 2011; Spaet et al., 2016), sar- 
dines (Espinoza et al., 2014; Goetze and Fullwood, 2013; 
Harasti et al., 2016; Rizzari et al., 2014a; White et al., 2013), 
crushed baitfish (Bond et al., 2012), and mackerel (Clarke et 
al., 2012). Santana-Garcon et al. (2014a) used chopped sea 
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mullet (Mugil cephalus) to replicate the bait used in scien- 
tific longline surveys, which proved effective in attracting 
sharks to the camera systems. All of these studies have been 
consistent in the use of oily fish species as bait, but there 
remains the possibility that there may be differences in the 
attractant qualities of these baits to sharks. We recommend 
future research to assess the performance of these varying 
oily fish baits and the comparability of the data collected. 

Despite the use of bait, it is still common to record low 
numbers of individual sharks due to a combination of their 
natural rarity, individual foraging patterns, and life histories. 
As a result, it is important to maximize the statistical power 
when conducting surveys that target sharks. An alternative 
to increasing replication may be to try various additions to 
the bait to maximize the attraction of sharks to BRUVs. This 
approach has been used, for example, to optimize sampling 
of pelagic fishes with baited cameras using a combination 
of visual cues (e.g., reflective materials such as flashes and 
lures), olfactory cues (e.g., bait such as pilchards), and acous- 
tic cues (e.g., bait fish recordings) (Rees et al., 2015). The use 
of several simultaneous attractants could increase the effec- 
tiveness of stationary underwater video for sampling sharks. 
This is a potential area for future research; however, it is 
important that researchers move toward standardization of 
bait types and quantities to ensure long-term comparability 
of the data collected worldwide. 


7.4. SAMPLING SHARKS AT NIGHT OR IN THE 
DARK: THE IMPLICATIONS OF LIGHTING 


Nocturnal teleosts and sharks represent approximately one- 
third of the fish within any ecosystem (Helfman, 1978, 1986), 
but in some habitats (e.g., tropical mangroves) this can be as 
high as 57% of the species and 75% of the abundance (Ley and 
Halliday, 2007). Nocturnal and crepuscular movements of 
fish (Lowry and Suthers, 1998; Sikkel et al., 2017) and sharks 
(Hammerschlag et al., 2017) occur between habitats, most 
likely to seek food, to avoid predators, or for reproduction. 
Extractive sampling (gillnets and longlines) has been a popu- 
lar technique for examining patterns of movement, habitat 
use, foraging, and reproduction during dawn and dusk, and at 
night non-extractive methods using passive and active acous- 
tics and satellite telemetry have become increasingly popu- 
lar, especially to document movement of individual animals, 
including habitat use (Hammerschlag et al., 2017). Nocturnal 
visual sampling targeting sharks and fish (Santana-Garcon 
et al., 2014a) has been undertaken by scuba divers (Nelson 
and Johnson, 1970) and remotely using unbaited (Myers et 
al., 2016) and baited (Harvey et al., 2012a—c) underwater 
video systems. Sampling when there is little or no natural 
light requires the use of artificial light, which may damage 
the eyes of sharks and fish and change their behavior and 
abundance (Fitzpatrick et al., 2013; Widder et al., 2005). The 
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wavelengths of light to which sharks are sensitive depends on 
the structure of their eye (Bowmaker, 1990). Nocturnal and 
deep-sea sharks have developed many structural and physi- 
ological adaptations to improve their visual sensitivity in low 
light levels in comparison to shallow water and diurnal spe- 
cies (Warrant, 2004). Shallow-water sharks see best in light 
between 496 to 502 nm, midwater sharks (174 to 952 m) see 
best between 482 and 488 nm, and deepwater sharks see best 
between 472 and 478 nm (Sillman and Dahlin, 2004). The 
question of what spectrum of illumination to use for sam- 
pling sharks with baited cameras is important, particularly if 
an objective is to study their behavior. On land, infrared light 
has been demonstrated to be invisible to animals, but in water 
the attenuation of infrared is so rapid that it is only possible 
to illuminate objects at a maximum distance of 1.5 m from 
the light source (Widder et al., 2005). Research comparing 
red, white, and blue light revealed differences in the behav- 
ior and relative abundance of fishes, with greater numbers 
of non-target fishes observed under the red light and greater 
numbers of target fishes under blue light (Fitzpatrick et al., 
2013; Harvey et al., 2012a). The choice of lighting is a com- 
promise between the field of view sampled and the potential 
changes in the natural behavior and abundance recorded. 
This decision also must take into consideration the poten- 
tial impact of bait on the behavior of fish and sharks. Does 
the bait overcome the potential negative effects of the light- 
ing? The use of low-light cameras may overcome some of 
the potential problems associated with artificial lighting, and 
such cameras have been applied to BRUVs without artificial 
lighting in the BotCam systems (Merritt et al., 2011). Highly 
sensitive intensified CCD (charge-coupled device) and 
CMOS (complementary metal oxide semiconductor) low- 
light cameras are available (Graham et al., 2004), but remain 
expensive. Their use may overcome any possible disturbance 
from lighting. Future research should investigate the use of 
light-sensitive cameras illuminated by a light source that is 
above (Widder et al., 2005) or below (Harvey et al., 2012b) 
the visual sensitivity of the focal species. Such applications 
must be offset against the cost and replicability of the baited 
camera systems (see Section 7.5). 


7.5 SAMPLING EFFORT: SOAK 
TIME AND REPLICATION 


The performance of the method used in any study should be 
assessed under different sampling regimes in order to opti- 
mize its precision and effectiveness (Anderson and Santana- 
Garcon, 2015). Standardizing the soak time (how long the 
cameras are deployed underwater) is important to facilitate 
data comparison across time and space. The soak time also 
must be balanced against optimizing replication. A 1!-hour 
soak time has been the most common and generally accepted 
time for BRUVs deployments (Whitmarsh et al., 2017). This 


was developed out of recommendations by Watson (2006) 
and De Vos et al. (2014) when sampling fish assemblages. 
However, some studies suggest that soak times might be 
reduced or extended depending upon the assemblage and 
hypotheses to be tested (Gladstone et al., 2012; Harasti et al., 
2015; Misa et al., 2016; Stobart et al., 2007). Studies focusing 
on sharks use soak times that vary between 60 min (De Vos 
et al., 2015; Goetze and Fullwood, 2013) and 90 min (Bond et 
al., 2012; Brooks et al., 2011) up to 5 hr (Harasti et al., 2016), 
but they can be longer when comparing BRUVs to longlines 
(Santana-Garcon et al., 2014a; Spaet et al., 2016). Therefore, 
we would recommend BRUVs soak times of at least an hour 
for surveys targeting sharks, given that this generally provides 
sufficient sample sizes for studies focusing on mobile species 
and allows for standardization across studies (Anderson and 
Santana-Garcon 2015; Santana-Garcon et al., 2014b). It has 
been suggested that sharks approach the bait in a cautious 
manner, making a first pass far from the camera system and 
moving progressively closer over time (Santana-Garcon et 
al., 2014a; Taylor et al., 2013). This behavior suggests that 
longer soak times may facilitate species identification and the 
recognition of individual features, including species, sex, or 
external markings, in addition to allowing for more accurate 
length measurements. However, territorial behaviors may 
prevent other individuals of the same or other species from 
approaching the cameras, which could affect estimates of 
species composition and relative abundance (Coghlan et al., 
2017; Santana-Garcon et al., 2014a). 

The majority of BRUVs studies separate replicate 
deployments spatially by at least 150 to 250 m (Whitmarsh 
et al., 2017); however, there are no rigorous studies that have 
examined the optimal spacing of BRUVs replicates. Most 
studies take a conservative approach in order to reduce the 
chances of double-counting wide-ranging individuals. The 
logic for the separation distance relates to assumptions 
about the current and bait plume dispersal and the maxi- 
mum swimming speeds of fish (Cappo et al., 2000, 2003, 
2006). Sharks are often wide ranging, and BRUVs studies 
have used a separation distance of 500 m or greater (Bond et 
al., 2012; De Vos et al., 2015; Santana-Garcon et al., 2014a; 
Spaet et al., 2016). Large sharks can swim fast (e.g., burst 
speeds in excess of 3 m/s) (Ryan et al., 2015), and individu- 
als have been observed to move between up to six replicates, 
each separated by 250 m, during a |-hour soak time (Cappo 
and Goetze, pers. obs.). It is possible to directly measure 
the range of attraction and the occurrence of repeated visits 
to “independent” replicates by deploying BRUVs inside an 
array of acoustic receivers inhabited by sharks tagged with 
acoustic transmitters (Vanderklift et al., 2014). 

Ellis and DeMartini (1995) proposed that at distances 
of greater than 100 m separation their replicate 10-minute 
sets of baited videos were independent, because the greatest 
distance of fish attraction was only 48 to 90 m for a 200-mm 
fish in a current velocity of 0.1 to 0.2 m/s. This assumed 
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a maximum swimming speed of approximately three body 
lengths per second for a 200-mm fish (V,; = 0.6 m/s). Given 
a seasonal prevalence of current (V,. ~ 0.2 m/s) in Australian 
studies, 60-minute soaks (S,) of baited videos may have an 
effective range of attraction (AR) of ~480 m for fish ~200 to 
300 mm in length. This includes 40 minutes of advection of 
the bait plume downcurrent and 20 minutes of fish swim- 
ming time upcurrent to reach the field of view in time to be 
recorded on the video. This relationship was presented by 
Cappo et al. (2004) as 


AR = 60 x (S,)) x [(V;x V) - VZV, 


in justification of distances of separation of 450 m between 
BRUVSs replicates in biodiversity surveys. Further research 
is required to determine the optimal spacing of BRUVs for 
different species of sharks; however, until this has occurred 
we recommend a precautionary approach with a minimum 
separation distance of 500 m. 


7.6 METHODS FOR IMAGE ANALYSIS: 
COUNTS AND LENGTH MEASUREMENTS 


Converting underwater video into count data can be a time- 
consuming and challenging process. One of the biggest chal- 
lenges is avoiding double counts of the same individual that 
may enter and exit the field of view multiple times. Unless 
there are distinguishing marks (patterns, distinctive body 
markings, or damage to body parts), it can be very difficult to 
tell how many individuals have been observed. A number of 
different metrics have been proposed to avoid double-count- 
ing individuals and to ensure independence of video counts. 
The maximum number of each species seen at any one time 
during a video (MaxN) was one of the first metrics to be 
developed (Ellis and DeMartini, 1995; Priede et al., 1994) 
for video and photographic sampling and is still the most 
commonly reported metric for stationary underwater video 
systems (Whitmarsh et al., 2017). MaxN counts are recog- 
nized as being conservative estimates of abundance and 
can be used in conjunction with other metrics such as time 
of first arrival or cumulative increases (Cappo et al., 2003, 
2006). Time of first arrival and time to MaxN are rarely used 
but could potentially provide further insight into the status 
of shark and ray populations. Concerns have been raised that 
MaxN may be nonlinearly related to true abundance, due to 
saturation at high abundances (Schobernd et al., 2013). This 
has been confirmed in French Polynesia, where a compari- 
son of single to full spherical cameras revealed that BRU Vs 
with a restricted field of view are limited in their ability to 
discriminate differences in the relative abundance of sharks 
at extreme densities (Kilfoil et al., 2017). Despite the poten- 
tial of full spherical cameras to more accurately capture true 
abundances at high densities, they are a recent advancement 
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in technology and are not yet readily available or cost effec- 
tive. An alternative to MaxN that is thought to linearly track 
true abundance is MeanCount, where the mean number of 
fish is observed over a series of snapshots for a particular 
viewing interval (Schobernd et al., 2013); however, this 
method can increase video analysis time and may inflate zero 
observations (Campbell et al., 2015), making it less desir- 
able for sampling sharks. Further investigation is necessary 
to assess and compare MaxN and MeanCount and their rela- 
tion to true abundance. Regardless, it is important to avoid 
double-counting on a video by assuming independence of 
all observations and acknowledge that abundance estimates 
from stationary video are limited to relative abundance. 

Sightings of sharks in pelagic BRUVs have also been 
converted to catch per unit of effort (CPUE) to facilitate 
comparisons with data collected from fishing techniques, 
such as longlines (Brooks et al., 2011; Santana-Garcon et al., 
2014a; Spaet et al., 2016). Data have been expressed as the 
number of sharks (i.e., MaxN) per hour of sampling effort 
(i.e., fishing or video). 

The use of generic video players coupled with spread- 
sheets for data management has become less common in 
the video analysis process (Whitmarsh et al., 2017), likely 
due to an increase in analysis time, the potential for opera- 
tor error (e.g., transcribing), and decreased functionality 
when compared to specialist software. Specialist software 
such as the AIMS BRUVS.mdb and EventMeasure (www. 
seaGIS.com.au) (Figure 7.5) has been developed as an alter- 
native to generic programs and relies on pre-populated lists 
to avoid transcribing/spelling errors and an inclusive video 
player to increase efficiency. EventMeasure has become the 
most commonly used specialist software for video analysis 
(Whitmarsh et al., 2017). This software can reduce analy- 
sis time by increasing the playback speed of videos, and its 
advanced functionality allows for the extraction of a broad 
range of data. Importantly, EventMeasure also has an option 
for stereo-video measurement that facilitates the extraction of 
the length of individuals, which can later be converted to bio- 
mass (see Section 7.2.5). Other software that has been used 
for annotating fish from video includes Vision Measurement 
System (Misa et al., 2016), MATLAB® (Hannah and Blume, 
2012), and DVLOG (Somerton and Gledhill, 2005). 


7.7 STRENGTHS AND LIMITATIONS 
OF SAMPLING SHARKS USING 
STATIONARY VIDEO TECHNIQUES 
7.7.1 Strengths 
The non-extractive nature of stereo-BRUVs allows for 
deployment in fragile and protected areas across multi- 


ple habitats and reduces the negative effects of extractive 
gears when targeting rare and threatened species, which is 
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particularly relevant when studying sharks. When potentially 
dangerous or aggressive species are targeted, remote video 
techniques reduce the risk of having divers in the water or 
handling distressed sharks aboard vessels. Stationary video 
techniques can descend to depths inaccessible to divers and 
provide a permanent record of fish observed, thus allow- 
ing for cross-identification, verification, and data extraction 
after the field work. The use of bait increases the relative 
abundance and diversity of fish and sharks observed, par- 
ticularly predatory species that are often targeted by fishers, 
without precluding the sampling of species from other tro- 
phic groups (Cappo et al., 2003; Harvey et al., 2007). 

An advantage of using video to sample sharks when 
compared to extractive fishing techniques is the ability to 
classify and quantify the benthic habitat in which each indi- 
vidual was observed. Information such as relief (Watson et 
al., 2005), broad-scale benthic categories (Langlois et al., 
2017), and percentage cover (abiotic and biotic) (Cappo et 
al., 2011) can be extracted from stationary benthic video sys- 
tems. This information has proven important for the inter- 
pretation of habitat-based models of the relative abundance 
of sharks (Espinoza et al., 2014; White et al., 2013). 

Because multiple video systems can be deployed simul- 
taneously, this method is particularly useful for covering 
large spatial scales with high replication. A reduction in 
the size and cost of video cameras has made the technique 
relatively cost efficient. Video recordings also provide the 
opportunity to record animal behavior in their natural envi- 
ronment (Goetze et al., 2017; Santana-Garcon et al., 2013, 
2014a; Zintzen et al., 2012). Timed cameras can be used for 
sampling around the clock (Myers et al., 2016) and investi- 
gating movements that occur with tides, diurnal cycles, and 
storm events (Munks et al., 2015). 

Video imagery collected during remote surveys can be 
very effective when used for science communication. A 
number of highlight packages from video surveys are avail- 
able online and are effective tools for attracting community 
engagement. For example, when surveying inside and out- 
side of marine reserves, showing a local community excerpts 
of each video can be more effective than explaining com- 
plicated scientific plots or statistics. Similarly, it is possible 
to involve citizens in the data collection and data analysis 
process, given that appropriate training and quality analysis/ 
control procedures are employed. The Global FinPrint proj- 
ect (https://globalfinprint.org/) provides a good example of 
this approach, as the majority of the videos collected have 
been analyzed by volunteers and checked by experts. 


7.7.2 Limitations 


All sampling techniques have some inherent biases and 
limitations, and video-based methods are no exception 
(Murphy and Jenkins, 2010). The biggest limitation for the 
use of BRUVs is the inability to determine the area that is 
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sampled. Although this is not a limitation for unbaited sta- 
tionary video, baited video is the preferred method for sam- 
pling sharks and rays in order to provide sufficient sample 
sizes across local abundances of most species. Attempts have 
been made to account for the variation in distance that a bait 
plume may travel, but sensory threshold will vary across spe- 
cies (Bailey et al., 2007; Farnsworth et al., 2007; Heagney et 
al., 2007). It may also vary depending on the time of day or 
the response rates and behavior of different individuals, mak- 
ing estimates of density for baited video methods extremely 
challenging. As a consequence, we acknowledge that baited 
video methods can only generate relative estimates of abun- 
dance, biomass, or density (see Section 7.2.4). However, pro- 
vided there is a linear relationship between relative estimates 
and true abundance, baited video will provide a useful tool 
for estimating and comparing shark abundance. 

The difficulty in identifying all individuals to the spe- 
cies level is a common shortcoming for all video techniques 
due to the limited resolution of video (Mallet and Pelletier, 
2014). This is exacerbated for some shark species because 
some taxa share similar morphological traits (e.g., color- 
ation, streamlined fusiform body, pointed snouts, forked 
tails), and some species can only be distinguished by small 
and inconspicuous features such as tooth formulae and 
vertebral counts. Notable species pairs in this regard are 
Carcharhinus leucas/amboinensis, C. tilstoni/limbatus, and 
C. obscurus/brachyurus. Difficulties associated with spe- 
cies identification are not unique to video techniques but are 
also reported for other commonly used fishery-independent 
methods such as hydroacoustic techniques (Lawson et al., 
2001). Fishery-dependent data are not immune to species 
identification issues, either, as fishers may also group spe- 
cies at higher taxonomic levels or under-report the catch of 
low-value species (Lewison et al., 2004). 

Problems with species identification from video can be 
exacerbated in areas of low visibility and/or high turbidity. 
Stereo-video techniques can account for variation in vis- 
ibility to a point by standardizing measurements from all 
videos in an area or survey to the distance coinciding with 
the minimum visibility. This has the effect of reducing the 
field of view used and area surveyed so will reduce the num- 
ber of individuals seen. In areas with visibility lower than 2 
to 3 m, or where visibility does not extend beyond the bait 
bag, visual sampling with stationary video techniques may 
not be suitable. These levels of low visibility are common in 
estuarine waters or coastal areas where there are large tides 
or a high input of sediment from runoff and rivers. This is 
problematic, given that some critically endangered sharks 
such as sawfish (Pristidae) and river sharks (Glyphis spp.) 
inhabit these areas. Extractive methods are also undesirable 
for sampling these vulnerable species. Emerging technolo- 
gies such as environmental DNA (Stat et al., 2017; see also 
Chapter 14 in this volume) or imaging sonar (see Section 
7.8.2) may be more suitable in these conditions. 
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In the above sections we have noted that one of the 
advantages of stationary underwater video techniques is that 
they are non-extractive and have minimal impacts on the 
species sampled or the habitats they are deployed within. 
However, care still must be taken deploying the systems into 
fragile habitats such as staghorn or plate corals. In shallow 
waters, damage to fragile habitats can be mitigated or mini- 
mized by using lightweight frames (Figure 7.1), slowing the 
rate of descent and the impact with the bottom by control- 
ling the speed of deployment with the rope, or using a snor- 
keler to guide the lowering of the camera system. In deeper 
water, baited camera systems have been deployed with 
remotely operated vehicles (ROVs) (Widder et al., 2005), or 
the deployments have been controlled by rope by viewing 
the descent of the system on a depth sounder and moving 
the boat to ensure that the systems come in contact with the 
bottom in a desirable manner. 

Unlike conventional or electronic tags, stationary video 
techniques do not collect data on the movements of individ- 
ual animals. It can also be very challenging to consistently 
sex individuals from video imagery depending on the spe- 
cies and orientation of the shark. Although size estimates 
can help obtain information about the age structure of a 
population, they cannot inform full demographic studies. 
The use of video methods alone might not be appropriate 
for monitoring or management programs that require such 
information. 

The equipment (cameras, memory cards, housings, 
frames, base bars for stereo-video systems) and the time 
required for video analysis can be costly and a major limi- 
tation to the uptake and use of stationary video techniques 
(Goetze et al., 2015). Advances in video processing and 
the automation of some components of the analysis appear 
promising with regard to reducing analysis time in the near 
future (Shortis et al., 2013). Until automation progresses 
from theoretical to functional software systems that are 
widely available to ecologists, the cost and time involved in 
video analysis should not be underestimated when applying 
for funding or setting up research projects. Another solution 
to the image analysis problem is the use of volunteers and 
citizen scientists. This approach has been used in the Global 
FinPrint project, where a minimum of two volunteers anno- 
tate each video and identification is subsequently verified 
by an expert. Where citizen scientists can simply locate 
the sharks and make an attempt on identification, an expert 
is only required to review and confirm each observation, 
which is more time efficient than watching an entire video. 
However, this may not always be possible, particularly when 
information on the entire fish assemblage is required, which 
requires more advanced identification skills. Understanding 
the limitations and biases of sampling techniques allows for 
better use of the method in forthcoming studies and pro- 
vides direction to future research so that these challenges 
can be overcome. 
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7.8. THE FUTURE OF VIDEO METHODS 
FOR SAMPLING SHARKS 


As camera technology develops, the quality and sensitiv- 
ity of the imaging sensors in video cameras are increasing 
(particularly in the consumer market), while the size and 
cost of the video cameras are decreasing (Struthers et al., 
2015). Improvements in the quality and resolution of video 
will result in further increases in the accuracy and preci- 
sion of stereo-video length measurements. This has been 
observed as video cameras have developed from Hi8 and 
MiniDV tape-based recordings to high-definition (Harvey et 
al., 2010) and more recently 4K video cameras. As the image 
quality and resolution improve, small morphometric fea- 
tures, movement, shape, and coloration have become more 
distinguishable, increasing the accuracy and speed of man- 
ual identifications of fish and sharks by analysts. A reduction 
in the size and cost of video cameras has also increased sam- 
pling efficiency by allowing for a greater number of systems 
to be purchased and transported more cost effectively. It is 
now possible to use smaller boats in the field, further reduc- 
ing costs and facilitating work in areas where large boats 
are not available. Despite the development of purpose-built 
software for viewing and recording events or species and the 
numbers of individuals seen on BRUVs, the manual detec- 
tion, counting, and measuring of fish from BRUVs imag- 
ery remains time consuming and labor intensive. This can 
delay the availability of data for researchers and for timely 
uptake by managers. To facilitate further adoption and make 
stationary underwater video sampling more cost effective, 
there is a need for researchers in the fields of pattern recog- 
nition, artificial intelligence, and machine learning to focus 
on automating the analysis of undersea imagery (MacLeod 
et al., 2010). 

7.8.1 Potential for Automatic Image Analysis 
Rapid progress has been made in the field of computer vision, 
pattern recognition, artificial intelligence and machine 
learning, and many researchers are focused on the recog- 
nition of marine life in underwater images. To be compa- 
rable to the data produced by trained video analysts a fully 
automated process will require the detection, measurement, 
identification, and counting of individuals (Shortis et al., 
2013). Various techniques are used to detect objects of inter- 
est (often fish) in underwater imagery. Differences between 
successive video frames (Lines et al., 2001; Spampinato et 
al., 2008) or histogram thresholds (Khanfar et al., 2010) and 
the identification of a fish silhouette using edge detectors 
(Spampinato et al., 2010) have all been used for detection. A 
shape-based level-sets framework and a Haar classifier have 
also been used to determine and track the location of the 
head, snout, and tail of a fish using knowledge of the shape 
for each species (Ravanbakhsh et al., 2015). 
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Automated recognition of fish from still and video 
images is feasible. Initial research used texture- (Rova et al., 
2007) and shape-based (Spampinato et al., 2010) methods 
for identification. The main challenge in using shape-based 
features for fish classification in natural underwater environ- 
ments is that the shapes, color, texture, and movement of the 
plants and animals living on the seabed make segmentation 
of the fish from the background a very challenging prob- 
lem (Shafait et al., 2016). Increases in computing power and 
developments in machine learning are overcoming some of 
these challenges. Recent studies have achieved an average 
classification success of over 90% (Salman et al., 2016) on 
a readily available fish image dataset (http://imageclef.org/). 
Refining this technique improved identification accuracy to 
96.73% on the same dataset and 89% on a more complex 
unconstrained dataset collected from baited remote under- 
water video systems (Siddiqui et al., 2017). 

Both semiautomated (Shafait et al., 2017) and auto- 
mated (Mufioz-Benavent et al., 2017) measurements of the 
lengths of bluefin tuna from stereo-video imagery have 
been reported with a high degree of accuracy and preci- 
sion. These protocols can be adapted to sharks and rays. 
If it is possible to detect, track, and identify animals from 
video imagery, it is also possible to count them. Research 
has demonstrated that it is technically feasible to detect, 
identify, measure, and count fish, but a fully operational 
and integrated system is not yet available, to the best of 
our knowledge. Further research that integrates additional 
information that can be generated from stereo-video sys- 
tems, such as the swimming motion of organisms using 
dynamic templates, and the use of measurements of mor- 
phometric features of fish and sharks will improve the 
identification of species and possibly distinguish between 
individuals (Shortis et al., 2013). 

7.8.2 Imaging Sonar to Sample Sharks 

In turbid waters (or in dark water without lights) video cam- 
eras may not be suitable for detecting and counting sharks. 
Active acoustic techniques are one possible alternative to 
video in these environments, and they are regularly used 
to detect marine fauna in the water column (Simmonds and 
MacLennan, 2005). These techniques have evolved from 
single- and split-beam echosounders (SBESs) to multi-beam 
echosounders (MBESs). High-frequency MBES systems 
(henceforth called imaging sonars) can produce images 
from reflected acoustic energy of such quality that they have 
also been referred to as acoustic cameras. The advantage 
of such systems is that they are able to “see” acoustically 
in turbid or dark waters. These systems were developed for 
the oil and gas industry but have found application in eco- 
logical studies. For example, imaging sonar systems have 
been applied for counting and measuring fish (Becker et al., 
2011b; Holmes et al., 2006; Parsons et al., 2014; Petreman et 
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al., 2014), and recent studies have begun to explore the use of 
imaging sonar to detect and count sharks (Lieber et al., 2014; 
Parsons et al., 2014). 

Active acoustic systems operate by “ensonifying” a 
sampling volume with an acoustic beam and evaluating the 
energy reflected back to the system transducer, allowing the 
sonar to “see” the targets. The amount of energy reflected 
is dependent on the density contrast between the target and 
the medium (water) and the frequency at which the imag- 
ing sonar operates (Urick, 1983). Lower frequencies travel 
farther, but higher frequencies provide improved resolu- 
tion. There is a trade-off between the range of the targets 
to be detected and the resolution required to discern them. 
Depending on the system operating frequency, the range 
can be extended to “see” large targets, such as 3-m sharks, 
at distances out to 50 m (Parsons et al., 2014); however this 
increase in range is achieved by decreasing the operating 
frequency, so it comes at the expense of image resolution 
and therefore the ability to detect small targets. As a result, 
the type of sonar used should be tailored to the application; 
that is, lower frequency systems can detect large sharks at 
a greater range, but higher frequency systems can provide 
higher image resolution of smaller sharks at closer range. 

As the operating frequency of a system increases, the 
interface between the target and water plays a greater role 
in the energy reflected. As a result, although lower frequen- 
cies perform well at detecting targets with a high density 
contrast from water (e.g., >90% of energy reflected by a fish 
comes from the swim bladder) (Simmonds and MacLennan, 
2005), high-frequency systems receive significant reflected 
energy from the target surface. The level of energy reflected 
is therefore also highly dependent on the angle of incidence 
of the target; a surface that is perpendicular to the acoustic 
beam will reflect more than one that is oblique. The acous- 
tic energy reflected by sharks (in comparison with fish) is 
increased by their size in relation to the acoustic beam. In 
short, the acoustic energy reflected back to sonars by sharks 
is substantial, despite the lack of swim bladder, lungs, or 
bony structures that would have a high density contrast with 
water. This is in part due to their size and, at higher fre- 
quencies, the amount of surface area available to reflect the 
energy (Parsons et al., 2014, 2017). Therefore, the reflected 
energy is also strongly related to shark orientation relative to 
the transducer. As an extension of this, stingrays can often 
be difficult to observe as they travel flat along the seabed. 
Stingrays are often visible on imaging sonar footage as a 
dark patch that moves through the image. The dark patch is 
a result of the acoustic signal being reflected away from the 
sonar rather than back to the transducer due to the low angle 
of incidence on the flat stingray. However, more orthogonal 
surfaces of the head around the eye and the fins as they 
undulate reflect the signal, resulting in a bright image of 
these parts of the stingray (Figure 7.6A,B). The reflected 
energy from moving targets is highly variable (Simmonds 
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Figure 7.6 


(A,B) Smooth stingray (Bathytoshia brevicaudata) recorded on a paired stereo-video and imaging sonar BRUVs in Cockburn 


Sound, southwestern Australia. In (B), the imaging sonar still shows the ray outlined, and the bait bag can be seen as a bright 
square in the center of the image. (C) Sonar image of a sicklefin lemon shark (Negaprion acutidens), and (D) the acoustic shadow 
of a lemon shark. Note the smaller but bright return signal visible in the center of the image just beyond the 3-m range. Both 
images were recorded at Shark Bay, Western Australia. Sonar images were recorded using Tritech Gemini 720i imaging sonar. 


and MacLennan, 2005) as energy is reflected differently 
from surfaces dependent on their relative position and ori- 
entation. When using imaging sonar to sample sharks or 
rays, the clearest understanding of the animal comes from 
observing the pattern of movement through time, using the 
imaging sonar in a fashion analogous to video. 

In addition to the reflected signals (Figure 7.6C), tar- 
gets can produce acoustic shadows in the same way that an 
object casts a shadow in the beam of a torch (Parsons et al., 
2014). This phenomenon means that with some systems the 
morphology of the target can be seen in the shadow cast by 
the system. The acoustic shadows can be useful in detecting 
sharks on imaging sonars, as these are often larger and more 
obvious than the reflected signal of the animal itself (Figure 
7.6D). However, the size and shape of such acoustic shadows 
are affected by a variety of factors, including the distance 
from and orientation of the shark to the system, as well as 
the bathymetry of the seafloor. 


7.8.2.1 Applications of Imaging Sonar 
Imaging sonar systems can be applied to work in a way 


similar to a stationary underwater video system. They can 
be mounted onto a frame and deployed onto the seabed with 


or without bait, or they can be mounted onto a stationary 
vessel. They can be positioned so that they are looking hori- 
zontally or vertically through the water column. Imaging 
sonar systems have been used successfully to count and 
measure the length of fishes in a number of habitats and 
applications. These include observations of spatially 
migrating fishes (Crossman et al., 2011; Martignac et al., 
2015; Petreman et al., 2014), diel migrations (Becker and 
Suthers, 2014; Becker et al., 2011a), size structure (Becker 
et al., 2011b; Grote et al., 2014; Han et al., 2009), and habitat 
use (Becker and Suthers, 2014). Imaging sonars can provide 
count and size information, as well as behavioral informa- 
tion such as the frequency of tail beats (Mueller et al., 2010). 
In applications where the target assemblage is well known 
it is possible to use size class and behavioral information to 
draw inferences about the species that might be observed. 
This information may go some way in helping to overcome 
the major drawback of imaging sonar systems, which is the 
identification of the species being observed. 

Imaging sonars have recently been applied in conjunc- 
tion with stereo-BRUVs to improve the detection of fishes 
in turbid environments (see example in Parsons et al., 2017). 
The imaging sonar is mounted onto the stereo-BRUVs 
frame in a central position between the cameras and looking 
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forward horizontal to the seabed. This setup allows synchro- 
nization of the video and imaging sonar recordings (Figure 
7.6A,B) so that the data can be used to complement one 
another. The imaging sonar extends the field of view for rel- 
ative abundance estimates by size class, and the stereo-video 
footage allows identification of species that approach close 
to the cameras. The video footage can be used for biodiver- 
sity assessment and to identify the species that contribute to 
a given size class. This technology could be especially appli- 
cable in tidal or estuarine environments, where visibility is 
extremely variable, even over the duration of a single 1-hour 
BRUVs deployment. 

As imaging sonar technology continues to improve, the 
cost is falling, and as more research is published this tool 
is likely to become widely valued and applied. We foresee 
its application in a number of environments and research 
directions. These might include increased application in tur- 
bid waters and deep or dark environments without lights, 
observing behavioral interactions with artificial lights, and 
extending the range of detection beyond the 7 to 10 m com- 
monly used with video techniques. This range extension 
may be especially useful in increasing the detection rates of 
rare and large-bodied sharks and rays. 


7.9 SUMMARY AND CONCLUSION 


Stationary underwater video techniques are increasingly 
being used for sampling the distribution, habitat use, rela- 
tive abundance, length, biomass, and behavior of sharks. 
Part of the growing popularity of video techniques is their 
accessibility, ease of use, and the decreasing cost and size 
of underwater video cameras. Additionally, improvements 
in image quality are making stationary underwater video an 
attractive sampling option. Part of the appeal of video sam- 
pling is being able to share imagery with a range of stake- 
holders to convey messages in a format that most people 
can understand and relate to. Stationary video techniques 
(and in particular baited video) collect not only compel- 
ling imagery but also robust quantitative data from a range 
of habitats and to depths not easily sampled by other non- 
extractive techniques. 

As with all techniques, there are limitations and biases 
to stationary underwater video methods. When using baited 
videos, we do not know the distance from which sharks are 
attracted to a bait or how their behavior changes as densi- 
ties increase artificially around a bait. Counts of sharks 
from stationary video are conservative because of the strate- 
gies used to avoid double counts (i.e., MaxN). Often only a 
small proportion of the data that are potentially available is 
extracted from the imagery due to the time and cost involved 
in physically watching videos to record species identifica- 
tions and the numbers of individuals, to measure lengths, 
and to record behavioral data. 
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Standardization of the types and quantity of bait used, 
where the bait is positioned in front of the cameras and in 
what sort of container, the soak times, and the orientation 
of the cameras (vertical or horizontal) is important. The 
development of standardized protocols and procedures that 
are used globally creates the opportunity for the synthesis 
of quantitative datasets at a range of spatial and temporal 
scales, which will generate meaningful information on the 
status of shark assemblages. What is really exciting is that 
people’s familiarity with easy-to-use, off-the-shelf action 
cams means that this sampling technique is accessible to a 
broad range of stakeholders, from professional scientists to 
schools and any other groups who might want to collect data 
on sharks. In the future, fully automated image analysis will 
facilitate the extraction of a broad range of data shortly after 
collection. Increasing Internet speeds and improved acces- 
sibility, combined with decreasing costs of online storage, 
will result in the global sharing of metadata, numerical data, 
and raw imagery. This will increase the pool of knowledge 
and data available to researchers and managers and facilitate 
broad-scale collaborations. This information and knowledge 
will assist in the sustainable management and conservation 
of shark populations and effective science communication 
to all stakeholders. 
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8.1 INTRODUCTION 


Acoustic telemetry involves the use of sound to convey 
information relating to the presence of an animal as it moves 
from one location to another in the aquatic environment. In 
the context of shark research, this most commonly reflects 
using acoustic transmitters and receivers to track move- 
ment of individuals. Originally, acoustic transmitters sim- 
ply emitted a pulse that could be detected by a receiving 
device; researchers followed the sound using a directional 
hydrophone as the shark swam through the environment and 
recorded positions every few minutes to represent the move- 
ment track of an individual (Holland et al., 1992; Morrissey 
and Gruber, 1993). As technology developed, information 
was encoded into acoustic signals by using a series of pings 
that could be decoded by the receiver. This led to the capac- 
ity to provide unique identification codes for an individual 
tag, which allowed simultaneous tracking of multiple indi- 
viduals. By combining coded transmitters with data-logging 
acoustic receivers that could be moored in study sites for 
long periods, the need for animals to be actively followed 
was removed. This revolutionized the field of acoustic telem- 
etry by allowing researchers to establish arrays of receiv- 
ers to detect and track sharks automatically (Heupel et al., 
2006). Sensors are also being developed and integrated with 
transmitters to provide information on the environments that 
tagged sharks encounter (e.g., depth, temperature) and their 
behavioral state (e.g., acceleration). Similarly, advances in 
receiver systems, collaborations, and modes to access stored 
data provide new ways to examine shark behavior and distri- 
bution at broad scales. In this chapter, we discuss the appli- 
cation of acoustic telemetry to track sharks, advances to the 
technology over time, and the challenges and opportunities 
this technology has provided to shark research. 

8.1.1 Research Applications of Acoustic 
Telemetry Technology 


Acoustic telemetry applications for sharks in their most 
basic form examine the movement ecology of individuals 
and species (Donaldson et al., 2014; Heupel and Webber, 
2012). This involves determining where individuals move, 
how fast they move, how long they remain in an area, and 
if they display any distinctive behaviors such as vertical 
migrations. These data on animal locations and move- 
ments can be further analyzed to provide information on 
home range and activity space (Heupel et al., 2004), habitat 
preferences (Davy et al., 2015; Farrugia et al., 2011), and 
how individuals respond to changes in their environment 
(Heupel et al., 2003; Schlaff et al., 2017; Udyawer et al., 
2013). Numerous studies have examined space use patterns 
of sharks based on acoustic telemetry; for example, sev- 
eral studies have examined how young sharks use nursery 
habitats to estimate the home range and space use of naive 
individuals over time (Conrath and Musick, 2010; Heupel et 
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al., 2004; Knip et al., 2011; Rechisky and Wetherbee, 2003) 
(Figures 8.1 and 8.2). The responses of individuals to chang- 
ing environmental conditions have been explored in several 
locations and habitats. Briefly, the response of individuals 
to changes in salinity levels has been studied on the central 
coast of Florida (Heupel and Simpfendorfer, 2008; Ortega et 
al., 2009; Simpfendorfer et al., 2011; Ubeda et al., 2009), the 
responses to seasonal and acute temperature changes have 
been explored in multiple species of sharks (Grubbs et al., 
2007; Heupel, 2007; Matich and Heithaus, 2012), and move- 
ment based on tidal flow and height has also been exam- 
ined (Ackerman et al., 2000; Carlisle and Starr, 2010; Knip 
et al., 2011). These studies and many others have improved 
our understanding of the ecological roles of sharks and the 
importance of specific habitats by implementing acoustic 
telemetry technology. 

In addition to ecological research questions, acoustic 
telemetry data are increasingly being applied to fishery and 
management issues regarding shark populations (Crossin et 
al., 2017). Management of resources and populations requires 
scientific input to help inform decision-making. Acoustic 
telemetry has played a role in several aspects of manage- 
ment; for example, acoustic tracking data have been used 
to help estimate population size (Dudgeon et al., 2015) and 
mortality rates of young animals (Heupel and Simpfendorfer, 
2002; Heupel and Simpfendorfer, 2011; Knip et al., 2012b). 
These data have been useful in determining the status of 
populations and setting fisheries catch quotas. Data from 
lemon shark (Negaprion brevirostris) tracking in Florida 
were used to support management that prohibited capture 
of this species in state waters. This provides a clear example 
of how telemetry data can be used to enhance and influence 
management decisions (Kessel et al., 2014a). Habitat man- 
agement is also an area where acoustic telemetry has played 
a significant role. Designation of critical habitats and marine 
protected areas (MPAs) is intended to improve the status of 
key areas and populations by protecting them from habitat 
loss and fishing. Acoustic telemetry has been used in numer- 
ous locations to define the movement patterns and residency 
of sharks within MPAs (da Silva et al., 2013; Espinoza et 
al., 2015a; Knip et al., 2012a). Movement data are critical 
to understanding the level of protection MPAs provide to, 
or is needed by, mobile species; for example, Espinoza et al. 
(2015a) showed differing movement patterns among shark 
species using the same reef. Some species received signifi- 
cant protection from fishing pressure, while others received 
little (Figure 8.3). 


8.1.2 Benefits and Limitations 


Like most approaches, acoustic telemetry has both benefits 
and limitations. One benefit is the capacity to monitor large 
numbers of individuals simultaneously over long time peri- 
ods using coded transmitters. Although other technologies 
also offer this possibility (e.g., satellite telemetry), the low 
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Figure 8.1 
Environ. Biol. Fish., 71, 135-142, 2004.) 


cost of acoustic telemetry equipment provides an increased 
opportunity to do so. Acoustic transmitters are also smaller 
in size than satellite transmitters, thus allowing their appli- 
cation to smaller species (e.g., sharpnose sharks) not suitable 
for satellite tracking. Directly following an individual via 
active tracking (Davy et al., 2015) or deployment of a dense 
data-logging receiver array also produces high-resolution 
position data for marine species not obtainable with other 
technologies (Barnett et al., 2010). Acoustic telemetry also 
provides the capacity to produce high-resolution location 
data for species that do not surface and more continuous 


Home ranges of blacktip sharks in Terra Ceia Bay, Florida, during June (A,B) and October (C,D). (From Heupel, M.R. et al., 


data for species that surface infrequently. This is an advan- 
tage over satellite technologies that rely on surfacing to 
determine animal location. 

Acoustic telemetry, however, does have a number of lim- 
itations. The most prominent of these is transmitter detec- 
tion range. Individuals can only be tracked when within the 
detection range of a hand-held hydrophone or data-logging 
receiver station. The inability to detect an individual could 
be the result of the individual having moved completely 
out of the study site, movement outside of the detection 
range, or interference causing detections to be masked 
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Figure 8.2 
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(B) 


50% KUD (km?) 


Monthly mean and standard error of home ranges of pigeye sharks in Cleveland Bay, Queensland, Australia, for (A) 95% 


kernel utilization density and (B) 50% kernel utilization density. Shading indicates high rainfall periods. (From Knip, D.M. et 


al., Mar. Ecol. Prog. Ser., 425, 233-246, 2011.) 


(Simpfendorfer et al., 2015). All scenarios produce a similar 
result and are impossible to disentangle. Thus, the capacity 
of acoustic telemetry is limited by the detection range of 
transmitters which is a function of technical specifications 
and conditions in the study area (Heupel et al., 2008; Kessel 
et al., 2014b; Simpfendorfer et al., 2008). This means that 


Residency index 


C. amblyrhynchus 


C. albimarginatus 


the design of acoustic receiver arrays must consider these 
issues relative to the questions being investigated (Hedger 
et al., 2008; Heupel et al., 2006). The application of acous- 
tic telemetry to the study of long-range movements is thus 
diminished in comparison to Global Positioning System 
(GPS) and satellite technology, which is not restricted by 
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Figure 8.3 Residency index of reef sharks (mean and standard error) to (A) an acoustic array and their capture reef and (B) to reefs open 
and closed to fishing. (From Espinoza, M. et al., Mar. Biol., 162, 343-358, 2015.) 
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Figure 8.4 Examples of gate or curtain array design (left) vs. grid design (right). (From Heupel, M.R. et al., Mar. Freshw. Res., 57, 1-13, 


2006.) 


the placement of receivers. However, the ability of dispa- 
rate research groups, using the same equipment, to share 
data has enabled long-distance movements to be more eas- 
ily investigated using acoustic telemetry (Cooke et al., 2011; 
Heupel et al., 2015). 

Another limitation of acoustic telemetry is that as sound 
travels through water it interacts with physical features and 
other acoustic signals (both biologically and human pro- 
duced), which can interfere with signal detection and inter- 
pretation (Heupel et al., 2008; Huveneers et al., 2016). The 
effect on active tracking studies is limited because simple 
signals are used; however, with acoustic monitoring stud- 
ies, where automated decoding of complex coded signals 
is required, it can result in false-positive detections being 
logged (Simpfendorfer et al., 2015). These false-positive 
detections can lead to incorrect conclusions if they are not 
filtered out of datasets, especially those shared by multiple 
users or made publicly available (Hoenner et al., 2018). 

Data management and analysis are also aspects of the 
limitations of acoustic telemetry. Because acoustic telem- 
etry is typically applied in a customized approach to suit 
the study species or study site, analysis methods are like- 
wise customized. The lack of a standard set of metrics and 
reporting of how metrics were applied (e.g., what smoothing 
factor was applied to kernel utilization distributions) ham- 
pers the ability to directly compare results across studies or 
species. As the number of acoustic telemetry studies con- 
tinues to increase (Heupel and Webber, 2012; Hussey et al., 
2015), the capacity to compare or replicate analyses will be 
increasingly important. In recognition of this issue and in an 
attempt to analyze data from multiple species and locations, 
Udyawer et al. (in review) established a series of standard- 
ized metrics and an analysis toolbox for acoustic telemetry 


users. This type of approach, if used by the research com- 
munity, will alleviate many of the issues around comparison 
of research outputs and improve opportunities to collaborate 
and share data. 


8.1.3 Defining Research Questions 


Prior to conducting any acoustic telemetry research, assess- 
ing the applicability of this technology to the species or 
research question is critical. This requires a clearly defined 
project objective, consideration of whether the study spe- 
cies can reliably be fitted with transmitters, and whether 
the study site is amenable to acoustic tracking or receiver 
deployment. Research questions should be well defined and 
testable (Papastamatiou and Lowe, 2012), which will inform 
experimental design. 

Experimental design is one of the main considerations 
in acoustic telemetry projects using data-logging receivers. 
The number of receivers required and their placement are 
crucial to the success of projects and collection of data suit- 
able for addressing research questions. There is no standard 
approach to how an acoustic receiver array is designed and 
deployed; such arrays are customized to suit the purposes 
of each project (Heupel et al., 2006). A number of factors 
must be considered when developing an acoustic array. For 
example, array design will differ if the intent of the project 
is to determine how long individuals are resident within a 
particular area vs. defining the activity space of individuals. 
Determination of residency could be achieved with receivers 
deployed as gates or curtains at key entry and exit points of 
a study site (Figure 8.4). Gates and curtains can also be used 
to determine direction of movement if deployed in parallel 
lines. In contrast, defining an activity space would require 
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a grid or other spatial array of receivers spread within the 
study site to determine the extent of movement and any 
preferential use of habitats (Figure 8.4). Failure to clearly 
define the research question can lead to flawed experimental 
design, which will result in suboptimal outcomes. 


8.2 EQUIPMENT CONSIDERATIONS 


After study objectives and experimental design consider- 
ations are complete and acoustic telemetry is determined to 
be the best method to address the research question, equip- 
ment type must be considered. Various equipment manufac- 
turers offer a suite of options and capability. It is important 
to select the correct equipment for the location to ensure that 
it performs optimally and delivers the expected results; for 
example, conditions and equipment needs will vary based 
on water depth, substrate type, etc. 

8.2.1 Equipment Performance 

A major consideration in equipment selection is perfor- 
mance. Can the equipment function as designed in the 
study site? A variety of factors must be considered relative 
to equipment performance, including the noise level in the 
study site, depth influences on sound transmission, current 
speed or tidal effects, etc. Here, we discuss some of the 
major aspects of acoustic telemetry equipment performance. 


8.2.1.1 Detection Efficiency and 
Influencing Factors 


To effectively employ a receiver array and accurately inter- 
pret the data it produces, it is necessary to gain an under- 
standing of the performance of the telemetry system and 
how this varies over time. Telemetry system performance 
can be generally characterized by detection efficiency (DE), 
with the specific measure of DE relating to the study ques- 
tion and receiver array design. Detection efficiency can be 
broadly defined as the probability that a tagged animal will 
be detected in time and space, and it is most influenced by 
the effective detection range (Huveneers et al., 2016; Kessel 
et al., 2014a). Detection range is variable over time and influ- 
enced by a variety of factors including, but not limited to, 
tag power output, environmental conditions, ambient noise, 
air entrainment, and physical obstructions (Gjelland and 
Hedger, 2013; Kessel et al., 2014a). Different water body 
types (e.g., lakes, ocean, freshwater) can, therefore, pro- 
duce varying effective detection ranges for the same model 
of receiver. Not accounting for how DE varies throughout a 
study can result in misinterpretation of data and erroneous 
conclusions, such as inaccurate estimates of survival/mor- 
tality, site fidelity, habitat use, and diel activity (Kessel et al., 
2014a; Payne et al., 2010). 
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Detection efficiency can be broadly categorized into four 
types based on the study design and focus. These were defined 
by Melnychuk (2012) as the probability of detecting (1) indi- 
vidual tag transmissions (DE,,.1.), (2) tagged animals resid- 
ing in a given area (DE.,.), (3) tagged animals moving past a 
specific location (DE,,,.), and (4) tagged animals present dur- 
ing a mobile survey (DE,,,,yi.). The most common assessment 
undertaken in acoustic telemetry studies is DE.n-, Which is 
typically used for detection range tests when calculating the 
proportion of tag transmissions recorded at specified distances 
from the receiver. Understanding typical effective detection 
ranges between tags and receivers can inform study design 
in terms of most effective and efficient receiver placement. 
For example, when studies use receiver gates or curtains, the 
required spacing between receivers is defined by the effective 
detection range (Heupel et al., 2006; Welch et al., 2008). 

It is advisable to conduct some form of detection range 
testing prior to receiver array design and establishment. 
Given the variables that can influence detection range profiles 
over time, the best practice is to continue to assess effective 
detection range throughout the study and incorporate this 
into the analysis of the data from tagged animals. Detection 
range profiles usually show detection of a high proportion of 
transmissions near the receiver which decrease with increas- 
ing distance (Kessel et al., 2014a). Alternatively, in systems 
using coded transmissions where sheltered or calm waters and 
hard benthic surfaces are present, detection profiles can be 
influenced by close proximity detection interference (CPDI) 
(Kessel et al., 2015). In these cases, transmissions can produce 
echoes, which interfere with the code sequence, producing a 
profile with a low proportion of transmissions recorded near 
and far from the receiver, peaking somewhere in between. 
In such study sites, the potential for CPDI to exist should be 
accounted for in the assessment of the detection range. 


8.2.1.2 Data Standardization 


All digital communication systems, especially those operat- 
ing in water, will incur a level of error or deviation between 
what is transmitted and what is recorded (Pincock, 2012). In 
acoustic telemetry systems using coded transmissions, this 
can result in the generation of false detections. False detec- 
tions are generated when the transmissions of two tags of the 
same frequency overlap and sections of both transmissions 
form a valid code sequence (Pincock, 2012). In these cir- 
cumstances, two types of false detection can be generated. 
Simpfendorfer et al. (2015) categorized these as Type A, 
an unknown tag ID, or Type B, an ID from a known trans- 
mitter from either your study or another study with a data- 
sharing agreement. In the current climate of data sharing 
through groups and via contact with the manufacturer, there 
is increasing potential for Type A false detections to become 
Type B and, therefore, increasing potential for false detec- 
tions to cause inaccurate interpretation of data. 
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Failure to adequately account for potential false detec- 
tions can lead to false data being erroneously accepted as 
true detections, with associated consequences. Incorrectly 
accepting false detections can cause errors associated with, 
but not limited to, the timing of movements/migrations, 
mortality estimates, space use, interactions between indi- 
viduals, and falsely reporting detections of tagged animals 
from other studies. In most cases with acoustic telemetry, 
particularly given the large datasets typically generated, the 
negative effects of accepting a false detection as true far out- 
weigh the opposite—excluding a true detection as false. As 
such, it is recommended that researchers adopt a conserva- 
tive approach to false detection filtering. 

Several criteria have been used for identifying false 
detections, but two main criteria have become an industry 
standard for quality control of acoustic telemetry data: (1) 
single detections isolated before and after by a given time 
period (Pincock, 2012), and (2) transitions between receiver 
stations that would require an unfeasibly fast swimming 
speed (e.g., as accounted for in Heupel et al., 2010; Kessel et 
al., 2014b). Isolated detections are usually considered false 
because they are not validated by a sequence of detection 
of the same code. In early cases of false detection filtering, 
isolated detections were usually considered on a receiver- 
by-receiver basis. More recently, detections are considered 
isolated relative to the detection records from the entire 
receiver array. The latter is a more realistic approach for 
identifying potentially false detections, particularly for 
more mobile animals, and is the recommended choice. The 
set time period that defines “isolation” in a given study is 
variable and typically based on programming of the tag 
(relative to the delay between transmissions), the known 
behavior of the animal, and the design of the receiver array. 
In most cases, either 30 minutes or | hour is selected, unless 
the aforementioned factors (programming, behavior or array 
design) make an alternative interval more logical. In rare 
cases where isolated detections, which would typically be 
considered false through standard filtering practices, have 
considerable implications for a given study, a more thorough 
assessment approach can be adopted, including analysis of 
raw ping data to verify the validity of the detection. A good 
example of where this would be relevant or necessary and 
appropriate is provided in Kessel et al. (2017). 

Filtering for false detections based on unfeasible swim- 
ming speeds between receiver stations is conducted after the 
first stage of filtering for isolated detections (e.g., Hoenner 
et al., 2018). It is obvious why these detections would be 
identified as potentially false and removed, but there are a 
few considerations to be made when selecting a maximum 
feasible swimming speed for sharks and when making these 
calculations. For selecting a maximum feasible swimming 
speed, it is advised to adopt the maximum sustained swim- 
ming speed for your study species. In some cases, this can 
be obtained directly from the literature. For other species, 
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however, this information will not be available. In these 
cases, it can be acceptable to select the speed based on pub- 
lished data for a similar species or otherwise justify your 
choice of speed based on knowledge of your study spe- 
cies. To calculate transition speeds between receiver sites, 
the distance between receivers where sequential detec- 
tions occurred must be calculated and the line-of-sight and 
physical obstructions must be accounted for. Additionally, 
receiver detection range must be considered in these calcula- 
tions, particularly when they are very large, as this can give 
the impression of a very fast transition when in fact it is just 
a product of high receiver performance. 

When the data have been filtered to remove potentially 
false detections, a level of standardization is required before 
further analysis can be conducted. After data filtering, you 
are left with a record of detections for each tagged shark. 
These detections, however, do not necessarily hold a specific 
value as a unit of data. This is because not all transmitted 
detections, even if within detection range of the receiver, are 
recorded due to collisions and other forms of acoustic inter- 
ference. Additionally, over the course of a long-term study, 
tag programming may change between deployment periods 
for a number of reasons, creating inconsistency in transmis- 
sion frequencies between study animals; thus, the number 
of detections received cannot be directly interpreted as a 
graduated value of presence. To account for this, it is neces- 
sary to standardize detections by some criteria. Commonly 
this is achieved by converting raw detections to presence 
or absence based on whether the tagged animal was or was 
not detected within a given time frame (e.g., an hour, a day, 
a week). Another approach is to consider all detections 
within a given time period of each other (say, 30 minutes) 
as a period of residence between the first and last detection. 
These approaches eliminate the majority of the biases asso- 
ciated with variable detection potential. 


8.2.2 Equipment Deployment and Retrieval 


A fundamental consideration for passive tracking is the 
deployment and retrieval of equipment. Accessing acoustic 
telemetry equipment in the underwater environment can be 
costly, labor intensive, and logistically difficult. As a result, 
the retrieval and downloading of acoustic receivers are typi- 
cally interspersed by large chunks of time based on factors 
such as seasonality/weather, receiver battery life, and budget. 
Logistical and technical foresight is needed to ensure that 
appropriate equipment is used and reliable procedures are 
followed. Oversight or lack of rigor can lead to damage or 
loss of equipment worth thousands of dollars, in addition to 
the financial costs and time spent overseeing deployment and 
maintenance. Just as important, the inappropriate choice or 
application of equipment may lead to ineffective data collec- 
tion or loss of data. Congruent to many aspects of acoustic 
telemetry, the type of equipment and approach to deployment 
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and retrieval are dependent on the study site, duration of study, 
species tagged, sample size, and budget, to name a few. One 
of the primary considerations is the type and style of moor- 
ing used to anchor equipment. The type of anchor or mooring 
employed will be directly related to water depth, habitat type, 
influence of currents or other environmental conditions, and 
ability to access the equipment, among others. In some cases, 
anchors are screwed into the sediment or chained to habitat to 
secure tracking equipment in place. In other scenarios, heavy 
anchor materials such as concrete-filled tires or metal are 
used to ensure that the mooring remains stationary. Retrieval 
of equipment for data downloading can be done via several 
means. The equipment can be lifted to the surface while still 
on the mooring, divers can access the unit to swap it or attach 
cables to offload data, or an acoustic release incorporated into 
the mooring can be used to release the equipment to the sur- 
face for collection and downloading. Which type of mooring 
system is most suitable depends on the scenario as well as the 
facilities available to the researcher. 


8.2.2.1. Surface-Based Downloading 


Advances in equipment deployment and retrieval have cre- 
ated greater access to data, often with greater ease. One 
major advance is the ability to digitally communicate 
with underwater receivers from the surface via an acous- 
tic modem or cable which enables remote data acquisition. 
Surface-based downloading reduces the need to put divers 
in the water which can reduce the amount of time required 
to service equipment and also reduces risks associated with 
diving. Surface downloading may also remove the need to 
use acoustic release devices which can be unreliable if equip- 
ment is heavily fouled. There are two main approaches to 
surface downloading: cabled and modem. The former con- 
sists of a receiver connected to surface instrumentation via 
cable. In this case, data are usually transmitted remotely to 
a base station via surface-based data transfer networks, such 
as mobile phones or satellites. This approach allows con- 
tinuous real-time data access or the unit can be programmed 
to transmit data at set intervals depending on study require- 
ments. Approaches using acoustic modems require a boat 
or other platform (e.g., wave glider) to be positioned over 
the top of the equipment to facilitate communication and 
data transfer. These systems connect wirelessly between 
dual-modem transducers (one originating from the surface 
and one in the receiver underwater) to facilitate download- 
ing at the surface. In both cases, the capacity to download 
data from the surface reduces the amount of time and effort 
required to offload data from acoustic receivers. It is worth 
noting, however, that equipment still requires maintenance 
such as cleaning off biofouling and replacing batteries, so 
occasional retrieval to the surface is still necessary. 
Although most research applications do not require real- 
time data on shark movements, in some instances informa- 
tion from acoustically tagged animals is time sensitive, thus 
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requiring greater access to receiver data. For example, bather 
protection shark monitoring programs that employ acoustic 
telemetry to track the occurrence of sharks require real-time 
location updates, especially in beach or surf areas where 
human-shark interactions typically occur (McAuley et al., 
2017). Therefore, immediate transmission of shark detec- 
tion data via satellite and mobile phone networks is a cru- 
cial component of this shark tracking. The ability to quickly 
access or visualize receiver data may also be advantageous 
when designing and deploying receiver arrays because ini- 
tial placement may not be adequate. 


8.2.2.2 Underwater Release/Retrieval 


When depth or conditions negate the potential to service 
receivers through diving or the surface recovery of moor- 
ings (e.g., dragging a grapnel to snag lines), acoustic releases 
can be used. Traditionally, industrial grade acoustic release 
systems, developed primarily for the recovery of deep sea 
oceanographic equipment, have been incorporated into the 
mooring design. These units are robust and usually rated 
to several thousand meters depth, but, as a result, they are 
also expensive. More recently, telemetry manufacturers have 
developed acoustic receivers with integrated acoustic release 
systems, such as the VEMCO VR2AR. Although these units 
are more expensive than regular acoustic receivers, the off- 
set of the acoustic release cost makes these a more attractive 
prospect. These receivers are not rated to the same depths 
as stand-alone acoustic releases, but most receivers that 
would be used with an acoustic release are not rated to those 
depths, either. The more compact nature of the integrated 
receiver releases is also favorable because it reduces the nec- 
essary mooring size and design complexity. Both systems 
function through a surface-based communication system, 
usually referred to as a “deck box,” to communicate with the 
unit and trigger the release mechanism. 

The use of acoustic release systems is a necessity in deep 
water deployments and challenging or extreme conditions 
that may negate the possibility of scuba diving or surface 
recovery. In most other systems, their use may not be nec- 
essary and the obvious upfront increase in cost may make 
them an unattractive option. There are additional benefits, 
however, associated with the use of acoustic releases, most 
notably a considerable reduction in recovery time and the 
ability to range the mooring from the surface to establish 
the distance from the vessel to the receiver (particularly use- 
ful if the station has moved). Recovering a receiver with an 
acoustic release can take a matter of minutes, whereas div- 
ing can take a considerable amount of time for each moor- 
ing, in addition to the restrictions associated with the number 
of dives a researcher can make per day. Similarly, surface 
snagging mooring lines with a grapnel can often take many 
attempts, not to mention the associated damage to the sub- 
strate or habitat cause by dragging the grapnel. Depending 
on the spacing between receivers, it is possible to recover 
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large number of receivers in a single field day. This ability 
can substantially reduce the field time required, which in the 
long term can offset the increased equipment cost. 

As researchers interested in conserving the habitats we 
study, we have an ethical responsibility to reduce the research 
footprint we leave behind when our studies are completed. 
Traditionally, the use of acoustic releases to recover equip- 
ment leaves a portion of the mooring remaining in the habi- 
tat. Not only is this undesirable, but also in some areas such 
as marine reserves regulations often prevent this action. As 
a result of legacy restrictions preventing researchers from 
deploying integrated acoustic release receivers in the Florida 
Keys National Park, one manufacturer has developed a fully 
recoverable deep-water mooring specifically for use in com- 
bination with their integrated acoustic release receivers. 
This solves the issue of legacy burden when using acoustic 
releases with acoustic telemetry. It is anticipated that simi- 
lar systems will be developed for use with other acoustic 
releases. 


8.2.2.3 Mobile Platforms 


One of the, if not the biggest, shortfalls of passive acoustic 
telemetry is that you only know where your tagged animal is 
when it is within detection range of a receiver. It is very dif- 
ficult, if not impossible, to say where individuals are when 
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they are outside receiver range. This is particularly pertinent 
for sharks, as many species move beyond acoustic receiver 
arrays. The unmonitored space between areas of receiver 
coverage can be assessed using receivers attached to mobile 
platforms, sometimes referred to as “acoustic fishing,” with 
both directed and opportunistic efforts. Mobile platforms 
can identify the presence of tagged sharks in unmonitored 
areas and, where consistent detections occur or a large num- 
ber of individuals are detected, can identify suitable loca- 
tions for new moored receiver stations. 

The most basic form of directed mobile sampling is the 
use of drifters, which are floating platforms that rely on cur- 
rents or sometimes the wind for mobility. Drifters can be 
constructed relatively inexpensively out of basic materials 
(e.g., PVC, aluminum) and can take several forms. The gen- 
eral design of a drifter consists of central flotation, a structure 
above the water line for location monitoring and identifica- 
tion to waterway users, and a structure below the water line 
to catch the current and attach the acoustic receiver (Figure 
8.5). For current-driven drifters, the structure above the 
surface should be streamlined to minimize the influence of 
wind, and the structure below the water maximized to catch 
the current. The reverse would be true if wind is the intended 
form of propulsion. To track the path of the drifter, a GPS 
logger can be attached to the structure above the surface in 
a waterproof case. Drifters can be used independently, or 
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Figure 8.5 Basic setup for acoustic telemetry drifter: (A) Schematic of acoustic telemetry drifter platform, and (B) deployed drifter. 


(Images courtesy of Christopher Holbrook.) 
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multiple units can be deployed simultaneously. Where cur- 
rents are consistent, it can be possible to use several drifters 
to produce a wide swath of acoustic coverage and maximize 
the potential for detection (Figure 8.5). Drifters typically 
have to be tended by a support vessel to reduce the risk of 
collisions with other water users, re-establish the drift course 
if the drifter becomes grounded in shallow water, and main- 
tain effective spacing when using multiple drifters in unison. 

Slocum and wave gliders provide another option for 
acoustic receiver mobile platforms (see Chapter 6 in this 
volume). Unlike drifters, gliders can be programmed or con- 
trolled remotely to follow specific routes, allowing for a more 
structured survey. Both, however, are unable to operate in 
shallow coastal waters, where the majority of shark telemetry 
studies are conducted. Slocum gliders operate subsurface, 
relying on vertical displacement (up and down) for motion, 
whereas wave gliders, as the name suggests, harness wave 
energy between the surface and subsurface units for locomo- 
tion. As such, wave gliders can operate in shallower environ- 
ments than Slocum gliders, which typically require at least 
~100 m to function, but wave gliders still require at least ~8 
m due to their draft. Slocum gliders are battery powered and 
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can be deployed continuously for about 3 to 4 months. Wave 
gliders are solar powered with battery banks and can, there- 
fore, be deployed indefinitely; however, they require waves to 
function and become drifters when conditions are very calm. 
Both systems are expensive and require constant monitoring, 
making them labor intensive; however, they can take rela- 
tively large payloads with multiple instrumentation packages 
included. Receivers can, with negotiation and agreement, be 
piggybacked onto deployments for other purposes, using the 
gliders as vessels of opportunity (Figure 8.6). 

Mobile platforms can also be opportunistically employed 
as vessels of opportunity. Given the number of vessels that 
operate on a daily basis, it would seem logical that we could 
attach receivers to as many as possible to maximize acoustic 
coverage in the oceans, but this approach has issues. Motor 
vessels are not ideal platforms for receivers because engine 
noise interferes with the ability of the acoustic telemetry 
system to function effectively. Sailing craft provide more 
suitable platforms, or motor vessels that move from one 
place to another and then sit on anchor for extended peri- 
ods. Dive boats, for example, can be suitable platforms for 
acoustic receivers, and the operators are often interested in 
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Results from acoustic drifter deployments with drifter tracks displayed in red, fixed receiver locations in yellow, and detection 


of lemon sharks as green circles (S. Kessel, unpublished data). 
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research participation. Fishing gear, such as drifting long- 
lines (commercial or survey), also offer potential platforms 
for receivers and have the added benefit of providing data on 
the interactions between tagged animals and fishing gear. 
Finally, drifting buoys or similar can also operate as vessels 
of opportunity. 


8.2.3 Active Tracking 


Active acoustic tracking has historically involved following a 
single individual fitted with an external transmitter for a period 
of hours to days (Nelson, 1976). Due to the size of transmit- 
ters required, active tracking was pioneered in part on sharks; 
as a result, several keystone telemetry papers were published 
using active tracking to study the movement patterns of sharks 
(Carey and Scharold, 1990; Carey et al., 1982; Klimley and 
Nelson, 1984; McKibben and Nelson, 1986; Nelson, 1977). 
The development of commercially available transmitters and 
receivers made this technique available to a wider range of 
researchers using more established methodology. One of the 
original papers describing methodology was that of Holland 
et al. (1992) based on tracking juvenile scalloped hammer- 
head sharks (Sphyrna lewini) in Hawaii. Hammerhead sharks 
were followed in a small boat and their tracks recorded to 
determine diel movement patterns in a shallow bay. Active 
tracking has also been used to define depth use patterns 
over diel and diurnal scales in a number of species and can 
be applied to fine-scale objectives such as individual loca- 
tion relative to thermal fronts and plankton migrations (e.g., 
Nelson, 1977; Sciarrotta and Nelson, 1977). This method has 
even been applied to little-seen and little-known species such 
as the megamouth shark (Megachasma pelagios) (Nelson et 
al., 1997); however, due to the labor-intensive nature of active 
tracking, it usually involves smaller sample sizes and tracking 
duration than automated approaches. 


8.2.3.1 Applications and Recent Advances 


Although the overall approach of directly following and 
recording the movements of an individual animal has not 
changed, some of the technologies used have advanced sig- 
nificantly. For example, advances in GPS technology have 
vastly improved the positional accuracy of animal tracks in 
recent decades. This allows high-resolution location data to 
be obtained that provides the capacity to relate animal behav- 
ior to specific locations or habitat features (Nelson, 1977; 
Simpfendorfer et al., 2010). Transmitter coding schemes 
have also allowed multiple individuals to be tracked on a 
single frequency. In the past, each transmitter was on a sepa- 
rate frequency to avoid collision and the confusion of non- 
unique transmitter signals. Now, researchers can encounter 
and record the presence of tagged individuals that are not the 
subject of the focal track. Improvements in acoustic receiver 
designs have also allowed the automated recording of signals 
from multiple individuals across multiple frequencies. 
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One of the most significant advances in recent years in 
active tracking is the capacity to remove the human element. 
The necessity of following an individual in a boat requires 
a team of researchers to commit to tracking the shark for 
as long as possible. The cost of having a team and vessel 
on the water for extended periods, as well as the stamina 
of the team, can often be limiting factors in active tracking 
research. Recent studies are trialing the use of autonomous 
underwater vehicles (AUVs) as a platform for tracking shark 
movements (see Chapter 6 in this volume). Clark et al. (2013) 
equipped an AUV with a stereo hydrophone receiver to track 
stationary and mobile objects. Estimates of position error 
using the AUV were similar to those produced by humans 
recording positions via boat-based tracking, indicating that 
human results are reproducible and the AUV may provide 
a less labor-intensive option for active tracking. Packard et 
al. (2013) used a similar approach to provide a three-dimen- 
sional track of sharks followed by an AUV. The success of 
these studies indicates a new path for active acoustic track- 
ing that could revolutionize how we monitor animal move- 
ments in the future. 


8.3. NEW ADVANCES FOR 
DEFINING ANIMAL BEHAVIOR 


While tracking provides information on where sharks move 
and spend time, it does not reveal what sharks are doing 
in these locations. Tracking also does not reveal environ- 
mental conditions or whether individuals may be moving or 
selecting habitat based on conditions. To address these more 
detailed questions, sensor tags are required to provide addi- 
tional data. 


8.3.1 Advanced Sensor Technology 


Standard transmitters allow us to define the movements 
of sharks in space and time. Sensor tags incorporate addi- 
tional instrumentation that provide supplementary data on 
parameters that can increase our understanding of factors 
influencing movement (Cooke et al., 2004). The additional 
data provided by sensor tags can allow exploration of com- 
plex questions about shark ecology and biology. To date, 
the most commonly used sensor tags have been pressure 
(depth) and temperature tags. Pressure sensor tags add a 
third dimension to the locational data, whereas temperature 
sensor tags tell us about the environment the animal experi- 
ences, either selectively or incidentally. Often, pressure and 
temperature sensor tags, for example, are combined, with 
transmitted values alternately switching between the two 
parameters. As telemetry technology has evolved under the 
continued miniaturization of instrumentation, vendors have 
incorporated additional sensors, and found ways to teleme- 
ter meaningful data for defining animal behavior. 
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8.3.1.1 Environmental Sensors 


Oxygen (O,) sensors are the most recent example of instru- 
ment miniaturization incorporated into acoustic telemetry 
tags. To date, no examples exist in the literature of O, sen- 
sor tags used to study sharks; however, this new technology 
could be applied to great effect. Laboratory testing of O, sen- 
sor tags was conducted in a controlled setting by Svendsen 
et al. (2006), who found them to describe dissolved oxygen 
levels very accurately at three different temperatures (10, 
20, and 30°C). Combined pressure and O, tags were used 
to study striped catfish (Pangasianodon hypophthalmus) in 
a pond in the Mekong Delta, Vietnam, elucidating O, lev- 
els as a driver for vertical movement (Lefevre et al., 2011). 
Similarly, for sharks, O, tags could be used to investigate 
factors defining space use in three dimensions and relate 
available O, levels to bioenergetics. This would be particu- 
larly useful for sharks inhabiting estuarine areas where con- 
ditions can become hypoxic or even anoxic. 

In order to investigate the timing and frequency of feed- 
ing events in free-ranging sharks, pH sensors have been 
incorporated into acoustic transmitters. A proof-of-concept 
study was initially conducted by Papastamatiou and Lowe 
(2004), who demonstrated the relationship between changes 
in gastric pH levels and feeding events of leopard sharks 
(Triakis semifasciata). Following this study, Papastamatiou 
et al. (2007), in partnership with VEMCO, developed and 
tested an acoustic transmitter with built-in pH and tempera- 
ture sensors. The transmitter was gastrically inserted into 
the stomach of captive blacktip reef sharks (Carcharhinus 
melanopterus), and pH levels were periodically telemetered 
to an acoustic receiver. The test successfully demonstrated 
that the transmitter could identify feeding events through 
changes in pH levels. Despite these successful trials, this 
technology has not been employed on free-ranging sharks. 
These transmitters are not yet produced commercially, so 
they would have to be produced on request. This technology 
has the potential to be used to determine when, where, and 
how frequently wild sharks are feeding and therefore quan- 
tify feeding chronology and daily ration (Papastamatiou et 
al., 2007). 


8.3.1.2 Behavior Sensors 


Acceleration sensors measure acceleration on one to three 
axes and for decades have been used to study bioenergetics, 
and ecological factors such as behavior, activity, and physi- 
ology (Cooke et al., 2016; see also Chapter 3 in this volume). 
Traditionally, accelerometers had to be recovered (e.g., 
archival tags) because it was not possible to telemeter the 
high-resolution data these tags typically collect. Since 2008, 
however, acceleration sensors have been integrated into 
acoustic transmitters. Two types of acceleration transmitter 
have been reported in the literature. The most common of 
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these tags is described in detail in Cooke et al. (2016). With 
existing technological constraints, it is still not possible to 
telemeter the high-resolution data that acceleration sensors 
are able to collect, so summarized values are transmitted 
that can be interpreted to represent general activity (Cooke 
et al., 2016). Despite the decreased resolution, acceleration 
transmitters have several benefits over archival tags. Most 
desirably, they do not have to be recovered, greatly increas- 
ing data acquisition potential. Additionally, archival tags are 
usually limited to short recording durations (usually up to 
~10 days) due to storage capacity constraints, whereas accel- 
eration transmitters remain functional for the duration of the 
battery life (up to years) because the data are telemetered 
and not archived. Although compared to archival accelera- 
tion tags the resolution of these data is low, it is still possible 
to quantify the frequency that predefined behavioral events 
such as foraging occur (e.g., O’ Toole et al., 2010). However, 
acceleration patterns require additional work to validate 
observed activity patterns with behaviors such as foraging, 
mating, etc. Failure to validate acceleration data with behay- 
iors may result in inaccurate conclusions. When combined 
with oxygen consumption rates (achieved through swim tun- 
nel experiments), data from acceleration transmitters can be 
used to calculate field metabolic rates (e.g., Murchie, 2011). 
The tailbeat frequency of free-swimming sharks has also 
been measured to define swimming rate. One of the first 
studies of this type used custom-built transmitters and active 
acoustic tracking to measure the tailbeat frequency of juve- 
nile scalloped hammerhead sharks. In conjunction with res- 
pirometry data on oxygen consumption, tailbeat frequency 
was used to estimate metabolic rates for these individuals 
(Lowe, 2002). 

To date, there has been limited use of acceleration 
transmitters for studies focused on elasmobranch spe- 
cies. Shipley et al. (2017) tagged Caribbean reef sharks 
(Carcharhinus perezi) with acceleration transmitters in 
Eleuthera, the Bahamas, to investigate their activity pat- 
terns. The data obtained from these tags showed the highest 
level of activity when making trips to the reef shelf. From 
the combination of the standard locational data and the 
averaged acceleration values, the authors were able to infer 
that these sharks mainly occupy deep water but make fre- 
quent trips to the reef shelf where high activity levels were 
likely related to foraging. 

Development and testing of acoustic heart rate (electro- 
cardiogram, or ECG) transmitters began in the 1970s (Wardle 
and Kanwisher, 1973; Young et al., 1972), but ECG transmit- 
ters have not been widely used to date. Telemetered ECG 
systems usually rely on in-tank experiments, but emerging 
technology is being developed that will expand our ability to 
study the physiology of wild elasmobranchs through acoustic 
telemetry. This will allow for improvements in the quanti- 
fication of metabolic rates and the physiological effects of 
catch-and-release fishing (Cooke et al., 2016). 


ACOUSTIC TELEMETRY 


Proximity tags provide the ability to explore intra- and 
interspecific interactions between individuals. Proximity 
tags to date have been externally attached to the host, and 
both transmit an ID code and receive and record transmit- 
ted IDs from other tagged individuals. To enable receiving 
and recording functionality, proximity tags are typically 
quite large (e.g., 9 cm in length), rendering few shark species 
as suitable candidates for this technology. Using proximity 
tags, it is possible to quantify the amount of time individuals 
associate in the wild, addressing questions relating to social 
behavior in sharks. Proximity tags can also be used to look 
at the association between elasmobranchs and other species, 
including symbiotic relationships between pelagic sharks and 
tuna, for example. Additionally, proximity tags can be used 
to look at encounter rates between predators and prey. The 
initial deployment of proximity tags on sharks was conducted 
by Holland et al. (2009) on Galapagos sharks (Carcharhinus 
galapagensis) around a shark ecotourism operation near 
Haleiwa, Hawaii. These tags served as proof of concept, pro- 
viding insights into shark interactions outside fixed receiver 
range. An alternative proximity transmitter was later pro- 
duced and field trials conducted by Guttridge et al. (2010). 
This study focused on the group behavior of juvenile lemon 
sharks, and one individual was observed associating with 
nine others on 128 occasions over a 17-day period. Despite 
the potential of these tags to define interactions among indi- 
viduals, it must be noted that only interactions among tagged 
individuals can be recorded. For this reason, this approach 
does not provide data regarding interactions with individuals 
not fitted with tags, thus requiring careful consideration of 
research questions and interpretation of the resulting data. 

One limitation of proximity tags has been that they typi- 
cally have to be recovered to offload the recorded detections, 
which makes them undesirable for highly mobile sharks, 
particularly in the pelagic environment. Advances have 
been made in marine mammal research where proximity 
tags have been linked via Bluetooth to satellite tags attached 
to the same animal to allow remote offloading of detections 
while the animal is at the surface (Baker et al., 2014). This 
approach requires an additional equipment burden to the 
study animal; however, large shark species with a high sur- 
face association (e.g., tiger or hammerhead sharks) would be 
good candidates for this emerging technology. 

One of the biggest criticisms leveled at acoustic telem- 
etry studies is that it is difficult to know if you are track- 
ing the movements of the fish you tagged ... or the bigger 
fish that ate the fish you tagged. To address this shortfall, 
a predation tag has been developed to identify predation 
events. When a tagged animal is consumed, the stomach 
acid of the predator erodes an external polymer on the tag, 
which triggers a change in the code transmitted by the tag 
(Halfyard et al., 2017). This alternative predator code identi- 
fies the predation of the tagged animal, removing the previ- 
ous uncertainty. For many shark species, particularly larger 
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individuals, predation risk is low, reducing the utility of this 
technology. For smaller species more prone to predation, 
however, these predation tags offer desirable functionality, 
particularly if the study aims to address mortality rates. 
Smaller predation tags could also be very useful for mul- 
tispecies studies. These tags, for example, would facilitate 
comprehensive studies exploring dynamics between sharks 
and their prey. 


8.3.1.3 Integration with Other Data 


It is rarely appropriate to simply describe observations of 
movements. Instead, studies that explore the causes and 
consequences of shark spatial ecology for both the species 
themselves and the ecosystems they inhabit are of interest. 
Sensor tags provide a tool for producing more meaningful 
acoustic telemetry data, but it is also pertinent to combine 
telemetry data with as much additional data as possible to 
build the most complete picture. Some data can be acquired 
from other sources (e.g., weather stations), but focused, 
simultaneously collected data often provide the clearest 
picture. Multidisciplinary studies can be conducted through 
collaborations with other researchers who offer different 
areas of expertise. The development of a priori predictions 
based on behavioral or ecological theory is an important 
and recommended component of this approach. Over the 
past three decades, acoustic telemetry literature has pro- 
gressively incorporated additional complementary data to 
explore more complex and comprehensive ecological ques- 
tions, making these approaches the norm. 

Population structure and connectivity are two major 
questions in ecology, and combining acoustic telemetry and 
genetic research is a powerful and comprehensive approach 
to tackling these questions. This is particularly true over 
small geographical scales where genetic mixing can cloud 
our ability to differentiate spatially discrete groups of ani- 
mals that may require separate management considerations. 
Conversely, on larger geographic scales, genetic data can 
support or explain population structure. For example, Kessel 
et al. (2014a) used mitochondrial DNA to investigate the 
relationship of adult lemon sharks displaying a north-south 
seasonal migration to juvenile populations found north and 
south of their winter residency region. The combination of 
these data indicated that lemon sharks residing off the east 
coast of the United States are a distinct stock to those resid- 
ing in the Dry Tortugas, Florida, and do not move between 
these regions frequently (Figure 8.7). 

Nonlethal sampling of sharks for biological materials, 
such as blood and muscle tissue, at the time of tagging can 
allow investigation into the behavior and ecological roles of 
sharks in their ecosystems. Subsequent processing of biologi- 
cal materials via techniques such as stable isotope analysis 
(see Chapter | in this volume) of carbon and nitrogen, fatty 
acids, and trace elements (e.g., Belicka et al., 2012; Hussey et 
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Figure 8.7 Occurrence and movement patterns of lemon sharks in Florida (left) and genetic composition of populations in sampled areas 
based on mitochondrial DNA (right). (From Hussey, N.E. et al., Science, 348(6240), 1255642, 2015.) 


al., 2014; McMeans et al., 2007), can be combined with telem- 
etry data to investigate the relationships between feeding and 
spatial ecology. For example, Matich and Heithaus (2014) used 
acoustic telemetry and stable isotopes to document a seasonal 
feeding switch by juvenile bull sharks (Carcharhinus leucas) 
as they moved from freshwater to saltwater environments 
in the Florida Everglades. Maljkovic and Cote (2011) used 
stable isotope analysis with acoustic telemetry to investigate 
the effects of shark-feeding tourism on the spatial and feed- 
ing ecology of reef sharks. By biologically sampling sharks 
at the time of tagging, movement data of tagged individuals 
can act as a subsample to compare to biological data from the 
broader population and add a spatial component to strengthen 
overall data analysis and interpretation. The combination of 
stable isotope analysis and acoustic tracking can also pro- 
vide a mechanism for defining patterns of specialization of 
individuals within a population. The combination of multiple 
techniques, therefore, has the capacity to provide information 
about individuals and populations in several ways. 

The examples discussed above are only a few of many 
techniques that can be combined with acoustic telemetry to 
advance our understanding of shark biology and ecology. 
The specific combinations to adopt depend on both the ques- 
tion being asked and the technology available at the time the 
study is conducted. It is recommended that shark researchers 
consider fields other than their primary expertise and seek 
collaborative studies where possible to tackle more complex 
questions important to shark biology and ecology. 


8.3.2 Advanced Capacity for Monitoring 


Technical advances have greatly increased the capacity for 
monitoring sharks and are providing new ways to define 
behavior. Additionally, enhanced data sharing and collabo- 
ration among scientists have further expanded this capacity. 
Many research questions rely on accurate and precise location 
estimates, and significant progress has been made in devel- 
oping high-resolution positioning systems to track animals. 
Concordantly, advances in reducing transmitter signal colli- 
sions and in storing and processing datasets have enhanced 
the capacity to capture and retain data. Miniaturization and 
other advances in battery technology have increased track 
duration and the amount of data collected. These technical 
innovations make tracking animals more accessible than 
ever before. The establishment of fixed, long-term receiver 
arrays is now common worldwide. More animals are being 
tagged every year, and tracks are spanning greater distances 
thanks to data sharing and collaboration. These broad-scale 
networks provide spatial receiver coverage over long time 
scales that are unlikely to be feasible within the confines 
of a single study. For transient sharks that move beyond the 
initial study area into other areas and receiver arrays, col- 
laborative efforts are needed or the full scope of movements 
and associated patterns will go unnoticed. However, this 
profusion of data requires proper management, and there are 
still major advances to be made in managing, analyzing, and 
interpreting large telemetry datasets. 


ACOUSTIC TELEMETRY 


8.3.2.1 Digital Coding Schemes 


With the accelerating increase in the number of acoustic telem- 
etry studies in recent years (Hussey et al., 2015), the number 
of transmitters being used to track sharks and other animals 
continues to grow. This growth contributes to the advance- 
ment of knowledge relating to the ecology and management 
of relevant species; however, deploying increasing numbers 
of transmitters raises technical issues that could affect data 
collection, especially in areas with large numbers of tagged 
animals. Conventional acoustic telemetry transmitters emit 
either continuous pings (i.e., active tracking) or coded pings 
(i.e., passive tracking), depending on the study design and 
sampling protocol. Because coded pingers typically function 
at one frequency, signal collisions (more than one transmit- 
ter pulse arriving at a receiver simultaneously) often occur 
within a study site. Similarly limiting, transmitters using a 
series of pings as part of the coding will only be detected if 
the full series (consisting of numerous pings for several sec- 
onds) is detected without interruption. Thus, detections may 
not be recorded if signal collisions occur, and a receiver may 
record erroneous detections when transmissions are cor- 
rupted (Simpfendorfer et al., 2015). In this context, if more 
tags are present in a study area, not only will the occurrence 
of interrupted and false detections increase but receiver stor- 
age and download times will also be impacted. To mediate 
these issues, new coding schemes are being trialed, includ- 
ing a digital coding scheme in which hundreds of transmitters 
(with high transmission rates) can be simultaneously detected 
within the same area. Additionally, signal transmissions that 
do not rely on lengthy pulse strings have been developed, 
reducing acoustic collisions and enabling more individuals to 
be tagged in the same area (see Section 8.3.2.4). 


8.3.2.2 National and International Networks 


When initiating an acoustic telemetry project, it is pertinent 
to investigate whether acoustic telemetry network groups 
operate around your intended study sight. There are many 
benefits to collaborating in an acoustic telemetry network 
group for the individual and the group as a whole. The most 
obvious benefit to the researcher is increased potential to 
detect your animals outside of the receiver coverage you 
personally establish and maintain. Because many shark spe- 
cies tend to move large distances, they are particularly good 
candidates to benefit from network participation. In many 
cases, it is financially and logistically impossible to establish 
enough receiver coverage to monitor the full movements of 
mobile shark species. The proliferation of acoustic telem- 
etry use and the formation of receiver networks over the past 
few decades promise to provide a level of infrastructure that 
can begin to represent a suitable level of spatial coverage 
(Heupel et al., 2015). Participation in these groups facilitates 
developing the level of data sharing required to reveal large- 
scale movements and space use. 
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From a system performance perspective, collabora- 
tion with networks operating in a study region will allow 
researchers to find out what tags may already be deployed 
in the area and how they are programmed. This is impor- 
tant because it will influence the number of tags that can 
be deployed in the study and how they can best be pro- 
grammed to maintain functionality that is not greatly 
reduced through excessive code collisions (Simpfendorfer 
et al., 2015). Communication with other telemetry users 
in the area, facilitated by participation in a network, can 
maximize the efficiency of receiver deployments and array 
designs through coordinated efforts to reduce redundancy. 
Network participation also promotes and facilitates scien- 
tific collaboration, creating the potential for more in-depth 
study questions to be tackled, such as multispecies interac- 
tions, as well as the potential to strengthen collaborative 
grant applications to help continue research projects over 
longer time periods, desirable for most long-lived shark spe- 
cies. Additional benefits of participation in an array group 
include assistance with data management and data analysis 
tools and equipment discounts through collective bargain- 
ing agreements between the array groups and vendors. 

Acoustic telemetry equipment vendors should be able to 
point researchers in the direction of existing network groups 
operating in their region. The following is a list (not exhaus- 
tive) of current acoustic telemetry network groups and asso- 
ciated websites, at the time of publication: Ocean Tracking 
Network (oceantrackingnetwork.org), Animal Tracking 
Network (ioos.noaa.gov/project/atn), Atlantic Cooperative 
Telemetry and Florida Atlantic Coastal Telemetry network 
(http://secoora.org/fact/), Australian Integrated Marine 
Observing System Animal Tracking Facility (imos.org. 
au/animaltracking.html), Great Lakes Acoustic Telemetry 
Observing System (data.glos.us/glatos), California Fish 
Tracking Consortium (californiafishtracking.ucdavis.edu), 
Acoustic Tracking Array Platform (saiab.ac.za/atap.htm), 
and Integrated Tracking of Aquatic Animals in the Gulf of 
Mexico (gcoos2.tamu.edu/itag). 


8.3.2.3 Perpetual Tags 


The main factor determining study duration when using 
acoustic telemetry is tag battery life. Most sharks can be 
issued with tags from the larger end of the available size 
spectrum, which can usually (depending on tag program- 
ming) provide about 10 years of battery life. As such, this 
is not a big issue for most shark-focused studies, as 10 years 
is usually sufficient to answer most study questions. When 
a longer duration is needed (e.g., tracking newborns through 
to maturation), recently developed perpetual tags could 
prove useful. These tags are battery free and use a flexible 
piezoelectric beam to harvest energy from swimming fish as 
the power source. Currently, only prototypes are available, 
which are detailed and assessed in Li et al. (2016), but it is 
anticipated that these will soon be commercially available. 
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8.3.2.4 High-Resolution Positioning 


Accurately and reliably identifying the position or location 
of sharks can expand our understanding of their behay- 
ior, which in turn can lead to improved conservation and 
management. A recurring limitation of acoustic telemetry 
technology is that the location of an individual tag could be 
anywhere within the detection range of a single receiver. 
This creates uncertainty about the location upwards of a 
kilometer depending on the equipment used (Kessel et al., 
2014a). This level of error may not be appropriate for certain 
study goals. Fine-scale, high-resolution positioning can be 
applied to address several aspects of shark behavior and will 
provide greater insight on behavior, particularly habitat use, 
social interactions, predator—prey interactions, shark-human 
interactions, socialization, and reproduction. 

There are several ways to improve location estimates 
with acoustic telemetry, each varying in the resolution, 
equipment, and potential costs involved. Some studies have 
tried to alleviate this issue by deploying receivers in grids 
or other array designs with overlapping receiver detection 
ranges (Heupel et al., 2006). Grid approaches often use a 
position-averaging algorithm that assigns an average or 
weighted position based on detection frequency at receiv- 
ers during a designated period (e.g., Simpfendorfer et al., 
2002). Legare et al. (2015) used this method to explore 
habitat selection and spatial partitioning between juvenile 
blacktip (Carcharhinus limbatus) and lemon (Negaprion 
brevirostris) sharks in nursery areas. Multiple other stud- 
ies of shark movement have applied the receiver grid and 
algorithm approach (e.g., Espinoza et al., 2015b; Heupel and 
Simpfendorfer, 2008; Knip et al., 2012b). 

More rigorous positioning alternatives that rely on syn- 
chronized time-stamps and proximate receiver locations are 
increasingly being used. Armansin et al. (2016) used a high- 
resolution acoustic positioning system to evaluate social 
networks among spotted wobbegongs (Orectolobus macu- 
latus). Similarly, Klimley et al. (2001) tracked the continu- 
ous movements of white sharks (Carcharodon carcharias) 
at a foraging site using a system of radio-linked acoustic 
receivers. These approaches employ conventional geoloca- 
tion techniques such as time difference of arrival (TDOA) 
to estimate fine-scale locations within a receiver array with 
overlapping detection ranges, and they require relatively 
advanced analytical processing (Smith, 2013). Nevertheless, 
position accuracy is high and can be within meters (Espinoza 
et al., 2011; Klimley et al., 2001). The development of trans- 
mitters with quick transmission rates (1.e., milliseconds vs. 
seconds) also has the potential to increase position resolu- 
tion by producing more transmissions (and animals) within 
a specific period with which to estimate a position. Guzzo et 
al. (2018) estimated that positions of stationary and mobile 
high-residency (HR) transmitters were 3.33 + 2.27 m and 
3.45 + 3.65 m (mean + SD), respectively, from handheld 
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GPS locations at equivalent time periods. They also dem- 
onstrated that one-second transmission rates improved esti- 
mates of several movement metrics compared to traditional 
coding with longer transmission delays. 

Thus, the capacity for high-resolution position estimates 
exists and can be used to meet specific study goals. As tech- 
nology improves, it is likely that high-resolution position- 
ing will become more routine in acoustic telemetry studies. 
However, acoustic limitations associated with transmission 
distances continue to restrict high-resolution positioning to 
dense receiver arrays (e.g., <100-m distance between three 
or more receivers), which require substantial equipment to 
cover a large area. Therefore, sharks that are resident to 
small or specific areas or that move to known areas, such 
as for feeding or reproduction, are currently best suited for 
these types of studies. 


8.4 DATA CONSIDERATIONS 


Although equipment is compatible and data can be shared 
among users and studies, there are no_ standardized 
approaches to data analysis. Most studies apply customized 
analyses that are difficult or impossible to replicate in other 
locations. This situation means that much consideration 
must go into data handling and analysis but also suggests 
this might be an area of greatest growth and advancement 
in the future. 

8.4.1 Statistical Complications 
and Requirements 


The fundamental concepts and application of acoustics to 
track sharks have remained relatively consistent over the last 
few decades (Klimley et al., 1998; McKibben and Nelson, 
1986). Yet, the technology and capacity to track sharks have 
developed significantly (Arnold and Dewar, 2001; Hussey 
et al., 2015). Currently, scientists are much less restricted 
by logistical and technical hurdles, leading to a wide array 
of questions that are feasible to investigate. A result of more 
advanced technology and probing research is greater accrual 
and complexity of data. Using acoustic telemetry to study 
shark movements is no longer limited to presence/absence 
patterns of few animals on sparsely located receivers. 
Likewise, interpretation of movement behavior should not be 
limited to descriptions of broad patterns alone. Descriptive 
analyses may be insufficient to extract intricacies of the data 
and may hinder understanding of shark movement and the 
factors that affect it. Further still, statistical approaches do 
not have to be rudimentary because the tools are available to 
overcome issues of computing that existed in the past. Thus, 
well-informed, statistically derived investigations should 
be used to explain behaviors and evaluate data at species or 
ecosystem levels. 


ACOUSTIC TELEMETRY 


With the greater accumulation of data, interpreting 
acoustic telemetry has increasingly become an analytical 
playground, but also a potential minefield. Prior to formal 
analyses, researchers need to become familiar with not 
only the technical limitations of equipment and the aquatic 
environment but also statistical biases that are often per- 
vasive in acoustic telemetry data. Identifying these issues 
and incorporating measures to avoid or reduce their effects 
are vital to ensure appropriate interpretation of behavior. 
A major statistical concern prevalent in acoustic telemetry 
research is spatiotemporal autocorrelation. Briefly, tempo- 
ral and spatial data (both major aspects of movement) are 
correlated because consecutive data points are dependent on 
each other in time and space. Many statistical approaches 
rely on assumptions that data are independent and not cor- 
related. Often, autocorrelation can lead to underestimates of 
home range size and inaccurate range utilization (Swihart 
and Slade, 1985). If model parameters do not sufficiently 
capture intrinsic or extrinsic sources of autocorrelation, it 
becomes necessary to take adequate steps to ensure that sta- 
tistical principles are met. These steps may include adjusting 
or removing certain data (Rooney et al., 1998), incorporat- 
ing model parameters that account for autocorrelation (e.g., 
autoregressive models or weighted functions) (Keitt et al., 
2002), or using analytical approaches that are designed not 
to violate certain statistical assumptions (e.g., Brownian 
bridge movement models) (Horne et al., 2007). A number of 
other statistical or related issues should be considered when 
analyzing acoustic telemetry data of sharks; for more infor- 
mation, see Aarts et al. (2008), Heupel et al. (2006), and 
Rogers and White (2007). 


8.4.2 Data Exploration 


Approaches to data exploration will vary depending on study 
design and research questions. The most fundamental ques- 
tions are often the best to consider: What are the limitations/ 
biases with my data? What questions can my data realisti- 
cally answer? How do I best organize my data for statis- 
tical analysis? How will I convey my data and results to 
colleagues or in print? Technical aspects of acoustic telem- 
etry data that may confound results include tagging effects 
on normal behavior, post-release mortality due to infection 
or improper techniques, natural mortality, low number of 
detections, environmental variation, and animal behavior, to 
name a few (Heupel et al., 2006; Kessel et al., 2014a). These 
issues, and others like them, must be addressed before further 
analysis is conducted. In many cases, data can be removed 
prior to analysis to reduce stress behavior (e.g., remove first 
24 hr) or if predation or death is evident. Animals deemed 
to have too few detections to reliably estimate behavior 
may also have to be excluded from analyses. Nevertheless, 
sporadic detections are still an important aspect of animal 
behavior worth investigating (e.g., reproductive movements, 
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foraging areas, long-range migrations). Data can also be 
standardized to reduce the effect of environmental, tempo- 
ral, or behavioral variation; however, the specific way this 
is done should be evaluated because behavioral information 
may be lost in the process (De Solla et al., 1999; Payne et al., 
2010; Rooney et al., 1998). 

Exploratory plots are the most valuable way to identify 
the issues described above; they also provide a first glance 
at findings and guide analytical techniques. Because acous- 
tic telemetry provides movement information, it is over- 
whelmingly associated with the dimensions of space and 
time. Simply plotting detections on a map will provide basic 
knowledge of the spatial extent of an individual or popu- 
lation (within the limits of the receiver array). Similarly, 
plotting pressure sensor values over the course of an indi- 
vidual’s detection period will indicate the general pat- 
terns of depth use throughout time and highlight spurious 
detections caused by mortality. Broad habitat designations 
can be applied to certain receivers, and frequency plots 
of habitat use can be made at different temporal periods. 
Standardizing detections by a defined period (e.g., Heupel 
and Simpfendorfer, 2015; Speed et al., 2016) may further 
increase reliability of data exploration outputs to help guide 
future analytical steps. 


8.4.3 New Analysis Approaches 


Exciting new analyses are continually being developed and 
explored with regard to tracking aquatic animals. These 
advanced methods are often statistically relevant to acoustic 
telemetry data. Compared to analyses conducted at the onset 
of acoustic telemetry research, these methods are more com- 
putationally intensive; however, scientists are now supported 
by programs intended to process large datasets or employ 
specifically designed analytical tools. For example, the sur- 
feit of user-friendly packages and functions developed for 
spatial data that exist in the statistical computing and graph- 
ics program R is astounding. Users can choose peer-reviewed 
statistical or technical approaches to visually or quantita- 
tively explore movement data. Because it is a programming 
language, R users can adjust and manipulate their data as 
required. Tutorials and technical support for specific pack- 
ages are readily available online, as are program-wide learn- 
ing opportunities. Also, it is a free tool and widely used. Due 
to its widespread use, functionality, customization, support, 
and access, both aspiring and established shark researchers 
should become familiar with R. 

In the past, spatial analyses of acoustic telemetry data at 
local scales (e.g., reef, bay, estuary) have largely focused on 
establishing the range or focal areas of use either by minimum 
convex polygons (MCPs) or kernel density estimates (KDEs) 
(for a review, see Rogers and White, 2007). Both methods do 
well to visualize and quantify the spatial area in which an 
animal is present, given presence/absence data and estimated 


150 


(or perceived) detection ranges. The KDE approach is more 
dexterous because it uses a probabilistic smoothing factor to 
estimate space-use size at continuous gradations, known as 
utilization distributions (UDs), and is less sensitive to out- 
lying locations—an MCP bias that worsens as sample size 
increases (Burgman and Fox, 2003). However, there is con- 
cern that, in some instances, the limitations or biases associ- 
ated with KDEs are too grievous to reliably apply to acoustic 
telemetry data; for example, KDEs are sensitive to the areal 
shape and patchiness of detections, and UD size is dependent 
on proper selection of smoothing parameters (for a review, 
see Downs et al., 2011). Further, KDEs assume that each 
detection (or location) is independent of the others, although 
consecutive locations are typically linked in space and time 
(i.e., not independent). Nevertheless, depending on the data 
and if treated appropriately, many of these limitations can be 
addressed (Aarts et al., 2008; Kie et al., 2010). 

Many alternative or variant approaches exist to quantify 
space use and movement patterns. Brownian bridge move- 
ment models and network analysis (see Chapter 18 in this 
volume) stand out as useful ways to address the shortcom- 
ings of other methods while providing dependable spatial 
information. Brownian bridge movement models (BBMMs) 
are similar to KDEs in that both estimate areal use of indi- 
viduals at varying levels (e.g., 50% and 95% UDs) based on 
location data within a receiver array. Whereas KDEs incor- 
porate kernel-smoothing techniques with aggregated data 
points, BBMMs estimate UDs by modeling temporally rel- 
evant movement paths based on an animal’s mobility (ie., 
speed and distance between receivers) and location errors 
(i.e., receiver detection range) as additional input parameters 
(Horne et al., 2007). The main advantages of this approach 
compared to kernel methods is that the subjectivity of 
smoothing parameter estimates is removed, issues of serial 
correlation and unequal time intervals between detections 
are incorporated in model parameters, and spatial estimates 
are less prone to error because time-dependent movements 
between locations are modeled (Horne et al., 2007). There 
is concern that this method does not accurately reflect home 
ranges (Becker et al., 2016; Fleming et al., 2015); neverthe- 
less, it is increasingly being adopted as a trajectory-based 
space-use estimator in tracking animal movements (Kie et 
al., 2010). For sharks, the use of BBMMs has mainly been 
limited to assessing the influence of habitat and environ- 
mental conditions on partial migration (Papastamatiou et al., 
2013). As a trajectory-based spatial density estimator, it has 
significant value for highly mobile species such as sharks. 

In the context of acoustic telemetry, network analysis 
emphasizes the movements between receivers as opposed to 
estimating common spatial metrics such as activity spaces 
or utilization distributions (Lédée et al., 2015). Briefly, a net- 
work of connections is created in which movements (known 
as edges) between receivers (known as nodes) is quantified. 
In graphical displays, the size of edges and nodes and the 
proximity between nodes (i.e., clustering) typically indicate 
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the relative strength or importance of that movement cor- 
ridor. Quantitatively, network analysis provides many met- 
rics to compare movement connections among individuals, 
receivers, and areas/habitats (Jacoby et al., 2012; Lédée et 
al., 2016). This method is advantageous compared to meth- 
ods described above, because movement pathways and their 
interconnectedness are quantified. Also, network analysis 
is pliable, and physical or environmental attributes can be 
added to network properties. For sharks, network analysis 
has demonstrated main pathways and core use areas of dif- 
ferent species (Lédée et al., 2015), elucidated species-spe- 
cific vulnerabilities within and outside of MPAs (Espinoza 
et al., 2015a), and has helped implement government con- 
servation policy (Lea et al., 2016). Moreover, social network 
analysis can be used with acoustic telemetry data to investi- 
gate behavioral interactions of sharks (e.g., Armansin et al., 
2016; Wilson et al., 2015). 

Other techniques exist to estimate space-use size and 
movement trajectories that may be pertinent depend- 
ing on study design and data demographics. The follow- 
ing approaches should be considered: modified BBMMs 
(Kranstauber et al., 2012), autocorrelated KDEs (Fleming 
et al., 2015), time-geographic density estimation (TGDE) 
(Downs et al., 2011), and state-space modeling (Al6s et al., 
2016). As analytical approaches continue to be explored and 
developed, it is imperative to incorporate suitable techniques 
based on study design, data limitations, and research ques- 
tions. Many approaches are still in their infancy and require 
ongoing scrutiny to optimally apply them to acoustic telem- 
etry data. As a result, one of the best ways to understand 
space use of sharks is to analyze data using multiple meth- 
ods (e.g., Becker et al., 2016; Lédée et al., 2015). Not only 
will the advantages and limitations of each approach become 
apparent but additional behavioral information might also 
be gained. 

8.4.4 Improving Data Sharing and Display 

Data exploration, statistical precautions, and advanced 
analytical techniques are necessary components of acous- 
tic telemetry research. To be effective however, the output 
generated must be communicated clearly, whether at a con- 
ference, to the media, or in a publication (Figure 8.8). As 
technology and data acquisition expand, new and unique 
ways to present results have become available. Software 
that is often freely accessible (e.g., R, Google Earth) offers 
intricate ways to visualize movement data. Fine-scale activi- 
ties and long-range migrations can be displayed on maps 
relative to time to demonstrate temporal behavioral trends. 
Fine-scale positioning systems that incorporate animal 
depth are also at the frontier of data visualization because 
three-dimensional movement patterns can be created and 
displayed. Not surprisingly, depth is an essential parameter 
to understanding movements in the aquatic environment that 
is currently underutilized. 
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Figure 8.8 Example of visual representations of movement data via a map and a connectivity plot revealing links between locations. 
(From Espinoza, M. et al., PLoS ONE, 11(2), e0147608, 2016.) 


The ability to create engaging maps and plots is pow- 
erful because it opens the door between scientists and the 
public, typically via the media (Cooke et al., 2017). This is 
a vital connection because important themes and concern- 
ing trends can be communicated in a manner that is simple 
to comprehend. However, graphics must be accompanied by 
clear interpretation and messaging to avoid miscommunica- 
tion or incorrect information being perpetuated. Of specific 
concern is the fact that many fish and shark species that are 
tracked have economic, religious, or cultural significance 
to humans. Seemingly innocuous information about home 
ranges, migration patterns, or reproductive sites can inform 
humans of the timing of a population’s location during key 


or vulnerable periods (Cooke et al., 2017). If scientific output 
is used to facilitate overexploitation, the value of the output 
requires reassessment. 


8.5 SUMMARY AND CONCLUSIONS 


Future opportunities in acoustic telemetry will likely be 
based on advances in receiver and transmitter technology. 
Potential applications of acoustic telemetry to the field of 
marine science are currently being explored (e.g., Donaldson 
et al., 2014; Lennox et al., 2017). Researchers and develop- 
ers are already developing expanded capacity for mobile 
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receivers and remote data uploads from data-logging receiv- 
ers as well as advanced sensors and perpetual transmit- 
ters. These advances along with miniaturization will allow 
greater numbers of individuals to be tracked and include 
previously unexamined species and locations. As ocean 
conditions continue to change, new sensors that reveal the 
conditions preferred or required by a species will help man- 
age and conserve species into the future. This new technol- 
ogy is likely to require new analytical approaches. Given 
the vast amounts of data generated from acoustic telemetry 
systems, there are enormous opportunities for advancement 
of data handling, management, and analyses that should be 
pursued. Future advances will also come via networks of 
people. As use of acoustic telemetry expands, collaboration 
and data sharing become integral components of research 
success (Nguyen et al., 2017). National telemetry networks 
are already established in many locations, but animal move- 
ments are not constrained by country. Thus, data sharing 
and collaboration will have to expand to include opportu- 
nities to track individuals across national and jurisdictional 
boundaries (Heupel et al., 2015). By sharing data and work- 
ing collaboratively, the field of acoustic telemetry has the 
capacity to expand and encompass a nearly global perspec- 
tive of shark movement. 
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9.1 INTRODUCTION 9.2 ULTRASONOGRAPHY 
9.1.1 Purpose of Three-Dimensional 9.2.1 Historical Use of Ultrasound 


Visualization 


Gross dissections have historically been vital for our under- 
standing of the internal anatomy of elasmobranchs, and 
histological techniques have proven invaluable for micro- 
structural analysis; however, these methodologies are highly 
invasive and thus inappropriate for anatomical investiga- 
tions in vivo. Further, destructive techniques can typically 
distort the precise relative positions of tissue structures and 
are often impractical for the study of rare or valuable speci- 
mens. Bioimaging techniques, such as ultrasonography, 
endoscopy, computed tomography (CT), and magnetic reso- 
nance imaging (MRI), are unique in their ability to nonsur- 
gically (and often non-invasively) acquire high-resolution, 
digital, three-dimensional (3D) data, sometimes in real time. 
These techniques facilitate highly accurate and efficient 
analysis and visualization of internal anatomy, although not 
all techniques are useful for in vivo examinations. Further, 
they allow for “digital dissection,” which greatly extends the 
capabilities of researchers to incorporate quantitative ana- 
tomical measurements of live specimens, rare samples, and 
museum collections into the study of organismal biology. 


9.1.2 Methods We Will Cover and Why 


The purpose of this chapter is to introduce the reader to a 
range of bioimaging techniques (ultrasonography, endos- 
copy, CT, and MRI), including their historical uses, guide- 
lines for their application, and methodological limitations. 
We hope to provide realistic expectations for the values and 
drawbacks associated with each of these techniques and how 
they can advance our understanding of shark biology. 


in Elasmobranchs 


Ultrasonic imaging, or sonography, is a non-invasive imag- 
ing technique that relies on interpreting reflected sound 
waves emitted by a transducer and detected by a receiver 
that converts the wave patterns into an image. Where radi- 
ography excels in visualization of hard tissues such as skel- 
etal elements, ultrasound is more suited for rendering of 
soft tissues. 


9.2.1.1 Injury and Health Evaluation 


The use of ultrasonic imaging for sharks and rays has been 
a technique primarily used by veterinarians in captive 
environments for assessing general questions of elasmo- 
branch health and well-being, as well as diagnosing injury 
and pathology in vivo. Its ability to assess soft-tissue dam- 
age and inspect internal organs for injury makes it ideally 
suited for initial evaluation of injured animals or ani- 
mals experiencing a range of health issues, as an adjunct 
to evaluation for possible surgery. As such, it is a com- 
mon and valuable resource for the clinical setting and is 
a common tool for marine veterinarians. Routine uses for 
ultrasound include cardiac monitoring during anesthesia 
(Stetter, 2004; Walsh et al., 1993), diagnostic applications 
that include following changes in thyroid size over time 
(Crow et al., 1998), and evaluating gastrointestinal tract, 
liver (Grant et al., 2013), gall bladder, spleen and pancreas, 
urogenital system, and coelom (Mylinczenko et al., 2017) 
for overall health assessment and progress of disease state 
and healing. 


IMAGING TECHNOLOGIES IN THE FIELD AND LABORATORY 


9.2.1.2 Assessment of Reproductive State 


One of the most common applications of ultrasound for non- 
clinical uses is for the evaluation and monitoring of repro- 
duction and pregnancy. It has been used to determine the 
presence or absence of eggs and embryos and size as a mea- 
surement of developmental stage in many species of sharks 
and rays, including nurse sharks (Ginglymostoma cirratum) 
(Carrier et al., 2003), small-spotted catsharks (Scyliorhinus 
canicula), thornback rays (Raja clavata) (Whittamore et 
al., 2010), draughtboard sharks (Cephaloscyllium laticeps) 
(Awruch et al., 2008), sand tiger sharks (Carcharias tau- 
rus), southern stingrays (Dasyatis americana) (George et 
al., 2017), ribbontail stingrays (Taeniura lymma) (Peteira et 
al., 2017), broadnose sevengill sharks (Notorynchus cepe- 
dianus) (Daly et al., 2007), and tiger sharks (Galeocerdo 
cuvier) (Sulikowski et al., 2016). 

Although the majority of studies are restricted to captive 
facilities with controlled conditions, an increasing number 
of studies describe field applications, where assessment of 
reproductive condition is vital for determination of repro- 
ductive cycles as well as determination of mating and nurs- 
ery grounds. Carrier et al. (2003) captured female nurse 
sharks following mating attempts to assess the likelihood 
of eventual pregnancy. Animals were examined with ultra- 
sound, and those carrying eggs (and therefore deemed likely 
to become pregnant) were transported to captive facilities to 
monitor their pregnancy (Figure 9.1). Continuing ultrasound 
on captive animals revealed hatchlings in utero immedi- 
ately prior to eventual birth, although survival rates were 
low. Prior to the use of ultrasound in the field, the selection 
of females was based solely on observations of mating and 
were less successful than those evaluated with ultrasound 
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Figure 9.1 Ultrasound image of multiple egg cases from a nurse 
shark (Ginglymostoma cirratum). (Reprinted with per- 
mission from Carrier, J.C., et al., Zoo Biol., 22, 179- 


187, 2003.) 
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who eventually gave birth in captivity. The extent to which 
capture stress and captivity may have interfered with preg- 
nancy is unknown. 

Sulikowski et al. (2016) similarly applied ultrasound in 
the field on tiger sharks (Galeocerdo cuvier) which revealed 
females carrying late-term embryos and aided in identify- 
ing the study site as a gestation habitat in this species. Their 
work demonstrates the value of sonography beyond simply 
the assessment of animal health and reproductive status. In 
locations where residency or philopatry can be established 
by other, more traditional means, ultrasound may be use- 
ful to assess and evaluate issues of habitat management and 
conservation concerns for mating and nursery grounds. 


9.2.2 Requirements and Limitations 
of Instrumentation 


9.2.2.1 Portability 


Instrumentation size is less of an issue for captive studies, 
but boat size, availability of power for non-battery-operated 
devices, and the need for a protective environment for sensi- 
tive instruments might restrict widespread use in the field. 
Where those conditions can be met, new and novel uses 
might broaden the value of ultrasound to the field biologist. 
Portable units can range from $1000 to $10,000, depending 
on the options selected, and specialized probes may be in 
the same price range. 


9.2.2.2 Probe Design and Wave Penetration 


Ultrasound relies on the propagation of sound waves through 
soft tissues and reflection of the waves generated to imag- 
ing circuitry. The dermal denticles of shark skin interferes 
to some degree with wave propagation and resolution. 
Species with thick scales produce images with reduced 
quality (Stetter, 2004). Modern probes have been designed 
to minimize such interference and produce a more faithful 
image. Probe sizes vary, as do the frequency of the emitted 
ultrasonic signal and the depth to which the probe will scan. 
Determination of the optimal size and frequency is likely to 
be species dependent and may be influenced by skin thick- 
ness and body size. For example, an adult female nurse shark 
(Ginglymostoma cirratum), with its extremely thick skin and 
heavy body, may present more difficulty in evaluating uter- 
ine contents compared to a relatively smaller, thin-skinned 
shark, such as a mature bonnethead shark (Sphyrna tiburo). 
Additionally, the extent to which the probe can tolerate sub- 
mersion in a seawater environment may also be a determi- 
nant. Although some probes are water resistant, others have 
been enclosed in plastic bags, with and without a conductive 
gel, to both protect the probe and maximize probe efficiency. 
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9.2.2.3 Role of Sedation in Field 
and Laboratory Studies 


Unless animals can be maintained in a prolonged state 
of tonic immobility, either beside the boat or poolside, or 
immobilized in some other fashion with appropriate gill 
irrigation (Sulikowski et al., 2016), sedation is required to 
minimize movement and effectively scan the target region 
of the animal. Methane tricaine sulfonate (MS-222) has his- 
torically been the anesthesia of choice. Animals sedated in 
this manner can be easily scanned and resuscitated follow- 
ing the procedure of Carrier et al. (2003). 


9.2.2.4 Interpretation of Acquired Imagery 


Interpretation of an ultrasound image requires some level 
of training and expertise. For example, depending on fac- 
tors that may interfere with a clear signal, images are not 
always resolved to the highest level of image resolution, and 
interpretation of the resulting imagery may be difficult for 
new users. Modern instruments include digital measurement 
scales that can be superimposed onto the image and facilitate 
measurements where known values exist from prior experi- 
ence or from previous necropsies (Figure 9.2). Additionally, 
some internal or external memory for storage and printing of 
scans for later interpretation is a requirement. Wherever pos- 
sible, utilizing simultaneous measurements or visualization 
techniques for the purposes of validation should be consid- 
ered. Most instruments allow for the capture of single-frame 
images in common file formats (e.g., JPG, TIFF), as well as 
video files for later analysis. 


Measurement cursor 


Figure 9.2 Sonogram of a hatchling nurse shark (Ginglymostoma 
cirratum) taken at the same time as the endoscopic 
procedure depicted in Figure 9.3. Topographical points 
are labeled for orientation and reference. (Reprinted 
with permission from Carrier, J.C., et al., Zoo Biol., 22, 
179-187, 2003.) 
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9.2.2.5 Validation of Imagery: 
Collateral Techniques 


In studies with gravid nurse sharks, ultrasound was conducted 
simultaneously with endoscopy (see Section 9.3 for details on 
this technique). The solid core of the endoscope was easily 
visualized with the ultrasound, so that the precise location of 
both the probe and the resulting ultrasound image could eas- 
ily be determined. Although endoscopy might not be readily 
available in a field setting, biopsy cores using a biopsy needle 
could very easily be inserted to establish a known reference 
point to validate the location of the sonogram. 


9.2.2.6 Side Effects and Unintended 
Consequences of Ultrasound 


The use of ultrasound carries some risk. Candidate animals 
must be immobilized either by inducing tonic immobility 
or with the use of sedation. Dosages and recovery must be 
monitored, and the potential effects of anesthesia on develop- 
ing embryos is unknown. Perhaps the best documented evi- 
dence of potential side effect of ultrasound and, by extension, 
endoscopy was the work of Carrier et al. (2003) with cap- 
tive nurse sharks. Animals were monitored with ultrasound 
every month during gestation. At 2-month intervals during 
their pregnancy, simultaneous endoscopic examinations of 
both uteri were conducted. All examinations were conducted 
under light sedation. The final ultrasound and endoscopy was 
followed shortly thereafter by spontaneous abortions of most 
embryos. Few survived to birth; the study revealed a gesta- 
tion period of 4.5 to 5 months. Unbeknownst to the inves- 
tigators at the time of the final ultrasound and endoscopic 
procedure, the final examination was performed near term. 
It is unknown whether handing, the intrusive nature of the 
endoscopic procedure, or anesthesia in late-term pregnancy 
may have resulted in the expulsion of embryos. 


9.2.3 Expectations, Limitations, and Data 


Ultrasound is a valuable technique for internal, non-invasive 
examination of living elasmobranchs. It can serve a diag- 
nostic role in health assessment and injury evaluation. It has 
the added value of allowing some insight into reproductive 
status and condition. Image resolution is generally not sharp 
and not always intuitively obvious. Accompanying descrip- 
tions are usually required to lead the viewer to the interpre- 
tation offered by the investigator. 


9.3 ENDOSCOPY 


Endoscopy is a nonsurgical procedure that involves insertion 
of a rigid or flexible tube equipped with a light source and 
image recording capabilities for internal visualization of body 
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cavities. Best known examples in human systems include 
examinations of the digestive tract, including upper regions, 
and examination of the colon. One of its primary benefits is 
the absence of any need for surgical incision. In this way, it 
differs from laparoscopy, where small surgical incisions are 
made in the body wall to facilitate insertion of a more rigid 
tube for examination of the exterior surface of organs and 
organ systems, often to be accompanied by surgical interven- 
tion. In some circumstances, where only visual examination 
is the goal, the techniques may be interchangeable. 

9.3.1 Historical Use of Endoscopy 
in Elasmobranchs 


9.3.1.1 Injury and Health Evaluation 


Murray’s (2010) review of endoscopy indicates that the earli- 
est uses of endoscopy in fishes may have occurred in the early 
1980s to examine viscera. Its initial application was largely 
for diagnostic purposes and was used to examine oral cavi- 
ties, esophagus, stomach, and duodenum, the latter for the 
appearance of ulcers (Mylinczenko et al., 2017). Eventually, 
endoscopy allowed sampling of tissues through biopsy or 
needle aspiration as well as removal of necrotic tissues and 
parasites while still permitting nondiagnostic examinations. 


9.3.1.2 Assessment of Reproductive State 


Endoscopy has been used to evaluate the reproductive state 
of elasmobranchs. Insertion of an endoscope into the uteri 
of pregnant elasmobranchs can reveal details of the develop- 
mental progress of gestation (Carrier et al., 2003). Developing 
eggs, recently emerged embryos in aplacental viviparous 
species, empty egg cases, and embryological development of 
viviparous species can be viewed throughout the course of 
gestation (Figure 9.3). Samples of uterine fluid may also be 
removed for assay, and tissue samples may be removed from 
the uterine wall or developing embryos. In addition, high-res- 
olution imagery from the probe, both still and video, is easily 
interpreted and does not require the training and expertise 
necessary to interpret radiographs or ultrasound images. 


9.3.2 Requirements and Limitations 
of Instrumentation 


9.3.2.1 Portability, Endoscope Size, 
and Probe Design 


In addition to the electronics that provide illumination and 
image recording, suitable probes are required to provide entry 
and access to organs or organ systems. Earlier endoscopy 
generally required separate instruments for light and record- 
ing. Miniaturization and advances in digital technology have 
allowed the development of units that incorporate light- 
emitting diode (LED) lighting and recording capabilities into 
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Figure 9.3 


Image obtained from endoscopy of a pregnant nurse 
shark (Ginglymostoma cirratum) approximately 124 
days post-mating. The eye and dermal denticles are 
plainly visible, and the folds of the uterine wall can be 
seen in the upper right. (Reprinted with permission 
from Carrier, J.C., et al., Zoo Biol., 22, 179-187, 2003.) 


probes that may be battery operated. Such devices have their 
greatest application in emergency medicine for humans, but 
they may also be ideally suited for field and poolside applica- 
tions in elasmobranch biology. These devices are generally 
built for use on humans, but they might be used for intrauter- 
ine examinations of presumed gravid elasmobranchs in the 
field. Units are available with sizes similar to small laptop 
computers. The selection of probes depends on the animal 
and system to be examined. Smaller probes in both length 
and diameter might be ideal for visualizing parasitic infesta- 
tions on gills or for use on smaller sharks and batoids, but 
they may be insufficient for insertion into the uterus for eval- 
uation of the reproductive state of larger species. 


9.3.2.2 Role of Sedation in Field 
and Laboratory Studies 


The use of rigid endoscopes and laparoscopes requires some 
degree of immobilization to prevent damage to both the 
instrument and soft internal tissues that may be proximal 
to the tip of the probe. Violent movements by animals not 
sedated during the procedure risk internal damage. Murray 
(2010) noted that, even in species where tonic immobility can 
be induced, ventilatory support (gill irrigation) and restraint 
are advisable to minimize injury should the animal strug- 
gle during the procedure. This requirement may necessitate 
removal of animals from the water onto a partially submerged 
stage where restraint can be accomplished or transfer to a 
small holding tank where restraint, ventilation, and anesthe- 
sia such as MS-222 can be administered. Such requirements 
may potentially limit the use of endoscopy for field use. 
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9.3.2.3 Interpretation of Acquired Imagery 


Imagery acquired from endoscopy includes both video and still 
photography. Because the images are acquired real-time on an 
accompanying display device, there is little question what is 
being observed. The investigator has the added advantage of 
being able to manipulate the probe to obtain a precise image 
that can be examined in finer detail at a later date. Unlike 
sonography, the images are intuitive to decipher because they 
are color photographs or video rather than being images inter- 
preted from reflected sound waves. Hence, interpretation does 
not require the same level of training as sonography. 


9.3.2.4 Validation of Imagery: 
Collateral Techniques 


Endoscopy may be enhanced by use of radiography or ultra- 
sound (see Section 9.1.2.5) if precise location of the probe dur- 
ing imaging is necessary. Many endoscopes have markings 
on the exterior surface so that the precise distance of inser- 
tion can be determined to facilitate later diagnosis or surgical 
intervention if such follow-up procedures are warranted. 


9.3.2.5 Side Effects and Unintended 
Consequences of Endoscopy 


Endoscopy requires some advanced knowledge and under- 
standing of elasmobranch anatomy to facilitate the placement 
of the probe and interpretation of the subsequent images. 
Manipulating the probe to successfully navigate within the 
body cavities or through passages leading to internal organs 
requires manual dexterity and is best accomplished follow- 
ing training and experience. In addition, it may be necessary 
to expand the organ by infusion of saline or carbon dioxide 
to permit unimpeded movement of the probe. Management 
of these advanced techniques may necessitate training that is 
generally not available to an average researcher. Cooperative 
studies with marine veterinarians specifically skilled in 
these procedures may eliminate procedural injuries due to 
absent or inadequate training and experience. 


9.3.3 Expectations, Limitations, and Data 


The extent to which invasive technologies such as endoscopy 
disrupt normal biological function, beyond the potential for 
injury, is unknown. In a study described above with captive 
nurse sharks (Carrier et al., 2003), spontaneous abortions 
occurred soon after an endoscopic procedure. It was not clear 
whether the procedure, restraint, anesthesia, confinement 
stress, or some combination of these was responsible for ter- 
mination of the pregnancies. Although endoscopy as a rou- 
tine procedure for nonclinical examination of elasmobranchs 
is in its relative infancy, the development of smaller and more 
portable probes suggests that endoscopy as a technique for 
examination of elasmobranch species may become valuable. 
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9.4 X-RAY COMPUTED TOMOGRAPHY 


9.4.1 CT Scanning 

Radiographic computed tomography (CT) is an imaging 
technique analogous to magnetic resonance imaging (MRI) 
(see Section 9.5), in that slice data can be used to create 
volumes and surfaces. The principle difference is that the 
images are a reflection of the radio opacity of the tissues 
rather than their water content. What the end user sees, 
cross-sectional slice data, is a derived dataset that requires 
substantial computation on the original shadow images. 
Cartilaginous fishes are not well mineralized and it is worth 
investing some time to understand parameters that affect 
image quality. 

A useful analogy to the process of CT is to imagine 
a shadow cast on a screen by a bright, white light. If the 
shadow is made by a cunningly configured hand, the viewer 
might see a crocodile, a horse, or a lizard. However, if the 
fingers are held in place and the hand is smoothly rotated 
through 180 degrees, the viewer not only will no longer be 
fooled by the shadow animal but will also realize exactly 
how the fingers are placed to do the trick. The brain accom- 
plishes this trick with ease, but in CT scanning these projec- 
tions are turned into slices by a computer. Instead of a pure 
black shadow, x-rays cast a grayscale shadow that shows the 
density of the tissue. From these grayscale images, we can 
reconstruct anything that casts a shadow. The projections are 
images taken parallel to the axis of rotation of the scanner 
(or specimen), and they are used to generate cross-sections 
that are orthogonal to this axis of rotation. 

Two common types of CT scanners are used to image 
cartilaginous fishes. Since the 1990s, medical scanners have 
been used on large animals, from lemon sharks to eagle rays 
(Motta and Wilga, 1995; Summers, 2000). In these scanners, 
the specimen is placed on a bed while the x-ray source and 
the imager whirl around the bed at a fixed distance. Modern 
medical scanners are very fast and can gather data from 
more than a meter of specimen in a minute. The resolution 
of these scanners is rarely better than 0.25 mm and is most 
often | to 3 mm. Some very high-quality images of cartilag- 
inous fishes have been gathered using these machines (Dean 
and Motta, 2004; Dean et al., 2007). 

The alternative scanner configuration holds the x-ray 
source and the imaging system still while the specimen 
rotates. Movement of the specimen during a scan is a major 
source of artifact, so the axis of specimen rotation is typically 
vertical to minimize the effect of gravity. The two advan- 
tages of the fixed imaging geometry are that higher preci- 
sion is possible with the source and imager held perfectly still 
and, by moving the specimen away from the middle of the 
chamber, it is possible to achieve different magnifications. 

This second advantage bears a closer look. In the 
shadow puppet analogy, moving the hand closer to the pro- 
jector makes the shadow larger and moving it farther away 


IMAGING TECHNOLOGIES IN THE FIELD AND LABORATORY 


makes it smaller. The concept directly translates to the CT 
scanner, where the rotating specimen table can be moved 
closer to or farther away from the x-ray source. This allows 
a tradeoff between the size of the object being scanned 
and the resolution. Scanners may quote a specimen size of 
160 mm in diameter and 5-um resolution, but these are not 
available at the same time. With a very small specimen, 
the maximum resolution will be available by moving the 
stage very close to the imager. Though this may seem like a 
weakness, there is no circumstance where you would want 
high resolution of a large specimen, as the data files would 
be too large to open. 

In both medical style systems, including horizontal 
scanning beds and the industrial systems with vertical spec- 
imen tables, there are parameters that will affect the image 
quality. The total energy of the x-ray system is determined 
by the voltage across the source, measured in kilovolts, and 
the amperage measured in microamps. The energy of medi- 
cal systems is low relative to industrial systems because the 
continued viability of the scanned specimen is considered 
an important design parameter. Industrial systems may 
have higher source power where fossil cartilaginous fishes 
can be imaged through rock. Power settings are analogous 
to the exposure of a camera: They set the white and black 
points and the dynamic range of the images. The number of 
images used to reconstruct the slices is determined by the 
rotation angle between successive images. For most pur- 
poses, three images per degree of rotation will be sufficient. 
Each image has a certain unavoidable amount of noise, and, 
to reduce this, the scanner averages the images. Averaging 
more than four images removes more noise, but each extra 
image costs time. Scan time matters little in the medical 
context, because the scanners are optimized for low-resolu- 
tion, high-speed scans, but industrial scanners may take 3 
to 24 hours to perform a single scan. 

The projection images may be processed directly and 
automatically in medical systems, but industrial scanners 
usually do this step separately and with substantial input 
from the user. Fortunately, this processing can be done 
on proprietary software from the scanner manufacturer 
on a computer unconnected to the CT scanner. Typically, 
the reconstruction software will perform the calculations 
necessary to reconstruct a single representative slice. The 
user will then change reconstruction parameters to opti- 
mize image quality on that slice and use those parameters 
to automatically reconstruct the entire stack of slices. For 
specimens that exceed the height of the imager, there will 
be several stacks of images to be registered with each other 
during reconstruction. Beam-hardening artifacts due to low- 
energy, x-ray photons being preferentially attenuated by a 
radio-dense material are corrected at this step. Relative to 
the density of bone, the cartilaginous skeleton’s tesserae and 
areolar mineralization is transparent to x-rays, and the beam 
hardening is usually negligible. The rest of the artifact cor- 
rection is the same regardless of the specimen type. 
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9.4.2 Why Use CT in Elasmobranch Studies? 


There are three reasons to use CT in the study of elasmo- 
branch anatomy. The first is that it renders a three-dimen- 
sional understanding of the skeleton. Second, the data are 
collected without having to dissect the specimen or damage 
it in any way. Third, the resulting anatomical data can be 
processed into surfaces and volumes that allow quantifica- 
tion and mathematical modeling. Garman’s Plagiostomia 
(1913) has dozens of plates with grayscale images of internal 
and external anatomy. Why, then, should we not simply use 
a sharp knife and keen eye to gather anatomical data rather 
than use an expensive, complex, and abstruse CT scanner? 
The answer is apparent to anyone who has looked hard at one 
of Garman’s figures and really wanted to know what was just 
under that structure over there. No matter how many views 
are represented in a paper, there are always other views that 
would be helpful. A CT scan, properly published, does not 
have this limitation (Davies et al., 2017). The anatomy ren- 
dered is truly three dimensional. The object can be rotated, 
sliced, and digitally dissected to reveal things that the origi- 
nator of the data had not yet imagined might be useful. John 
Maisey, an early adopter of the CT scanner to reveal mor- 
phology, published images of a famous Devonian braincase 
rendered in three dimensions and a good deal of obscuring 
matrix removed (Maisey, 2001a). 

That CT does not damage the specimen is important, 
because it allows museum specimens to remain intact. 
After scanning, the specimen can be returned to the collec- 
tion and examined with other modalities that will comple- 
ment CT data. Many cartilaginous fishes are known from 
a few specimens, and even more are rare in collections. 
This puts a premium on gathering data in a way that does 
not harm the specimens. CT scanning can be done with 
alcohol-preserved specimens that remain wrapped in damp 
cheesecloth, so a drying artifact is minimal. In some cases, 
it has even been possible to age sharks and rays without 
physically sectioning vertebrae, although the vertebrae 
were isolated and air dried before scanning (Geraghty et 
al., 2012; Parsons et al., 2017). 

The slice data processed from the raw projection images 
are usually visualized and analyzed as either a volume or a 
surface (Figure 9.4). The differences are at once subtle and 
important, and they have bearing on the quantitative analy- 
ses that can be done on the data. A surface rendering uses 
ray tracing techniques to bounce virtual light from a source 
off of the data and to a camera. The edges of the imaged 
structure are not distinct, and the density of the material 
below the surface is preserved. A surface can be computed 
from a volume by connecting all of the volume elements 
(voxels) that exceed a certain threshold into a set of vertices 
and faces. This surface encloses a volume, but the volume 
is empty of data. The first CT scans of cartilaginous fishes 
used surface renderings to show skeletal anatomy. These 
were followed by the use of shaded volume scans for the 
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Figure 9.4 
of the entire head. 


same purpose. Volume scans were also used to calculate the 
second moment of area of skeletal elements, a measure of 
how well they resist bending (Summers et al., 2004). This 
simple analysis was succeeded by a far more complex treat- 
ment that again used a surface reconstruction—the produc- 
tion of a finite element model of an entire shark head to 
calculate bite forces (Wroe et al., 2008). 

The most exciting trend in CT scanning has been the 
production of large numbers of datasets that are being 
released with open access (Kamminga et al., 2017). The 
study of Kamminga et al. (2017) contains the crania of over 
100 species of sharks, and the oVert project at http://www. 
MorphoSource.org has batoids and other sharks. These data 
are free for use in any scientific or educational endeavor 
which promises to both democratize the use of CT scan data 
and make large-scale meta analyses possible. 


9.4.3 Limitations 


Computed tomography has substantial drawbacks from 
a scientific standpoint. The first is the issue of time. The 
fastest scans are on the order of minutes, and high-quality 
scans require 30 minutes to 12 hours. Such scans cannot 
be done on live cartilaginous fishes. There are some tech- 
nical hurdles to developing a submerged system because 
of the radio-opacity of water, and currently no aquatic 


Three-dimensional volume rendered images of the skeletal morphology of Heterodontus ramalhiera, obtained from a CT scan 


systems are in development. CT is, therefore, restricted to 
the study of postmortem anatomy, unlike ultrasonography 
and endoscopy. 

Material will attenuate x-rays in proportion to two factors: 
density and atomic number. Soft tissues are neither dense 
nor composed of material with high atomic numbers, being 
composed primarily of water and organic material. Skeletons 
are moderately dense by virtue of calcium and phosphate, 
but many cartilaginous fishes have very poorly mineralized 
skeletons. This means that for some (e.g., Greenland shark) 
the soft tissues cannot be imaged and neither can the major- 
ity of the rest of the skeleton. Teeth, dermal denticles, verte- 
brae, and the tesserae that form the rind on the outer surface 
of many cartilaginous skeletal elements can, however, be 
imaged. Soft tissues, with their variable amounts of water, 
are ideal for imaging using MRI (see Section 9.5). It is pos- 
sible to combine MRI and CT datasets, but in practice it is 
not often done because the datasets are at such different reso- 
lutions and the two types of scanners are rarely deployed on 
the same specimen. Rygg et al. (2017), however, combined 
these two methods to visualize the position and anatomy of 
the nasal rosette in a hammerhead shark. 

It is possible to obtain CT images on soft tissue in car- 
tilaginous fishes using a staining technique (Gignac et al., 
2016). The only results so far from sharks and rays come 
from specimens stained with Lugol’s solution (Figure 9.5) 
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Figure 9.5 
lateral line canals. 


(Kolmann et al., 2017). This aqueous potassium iodide solu- 
tion is absorbed differentially by tissues and leads to excel- 
lent contrast in nervous tissue and muscle tissue with little 
apparent distortion. The technique is new, and the lack of 
distortion must be verified, but it holds promise because it 
works well in other vertebrate groups. The main drawback is 
that the entire specimen becomes so infused with the dense 
iodine that the scan times increase and the energy necessary 
to penetrate the tissue requires the use of a high-end indus- 
trial scanner. 


9.4.4 Synoptic Survey of Applications 


Computed tomography scans of cartilaginous fishes have 
been used to catalog teeth (Moyer et al., 2015a,b), capture 
taxonomic diversity (Claeson, 2013), demonstrate the varia- 
tion in isolated skeletal elements (Claeson, 2008, 2011), and 
trace the evolutionary and developmental history of dental 
structures (Rasch et al., 2016; Smith et al., 2015; Underwood 


Oblique and ventral view of an iodine-stained Chiloscyllium punctatum (brownbanded bamboo shark) showing muscle and 


et al., 2015; Welton et al., 2015) and suspensoria (Wilga et 
al., 2000). There are detailed descriptions of chondrocrania 
(Maisey, 2004; Maisey and Springer, 2013), gathered with 
an eye toward understanding fossils, and CT provides ori- 
entation in the description of cranial musculature (Kolmann 
et al., 2014). More than one study has used CT to examine 
the early stages of cartilaginous fishes, when mineralization 
has just begun (Criswell et al., 2017). Though the dogma is 
that the skeletal material of chondrichthyans does not repair, 
a study of endophytic masses suggests that they may be a 
response to damage (Seidel et al., 2016, 2017). Finally, even 
holocephalans have enough mineral to be imaged (Johanson 
et al., 2015). 

In paleontology, there is little to study but skeletal 
morphology, and the field has made wonderful use of the 
CT scanner to reveal the anatomy of extinct cartilaginous 
fishes. There are descriptions and re-descriptions of fossil 
sharks and rays (Claeson et al., 2010, 2013; Lane, 2010; Lane 
and Maisey, 2012; Maisey, 2011), as well as lovely images 
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of extant animals used to show the importance of cranial 
anatomy in understanding fragmentary fossils (Claeson and 
Hilger, 2011; Mollen, 2010; Mollen and Jagt, 2012). CT has 
several advantages when interrogating fossils. In many cases, 
the matrix and fossil are different enough in density that it 
is possible to digitally prepare the specimen. Segmenting a 
fragmented specimen, or even one with good preservation 
but some distortion, allows a pristine whole to be recon- 
structed and compared to extant taxa. By reconstructing the 
fossil ray Burnhamia daviesi, Underwood et al. (2017) were 
able to shed light on the evolution of planktivory in mobulids. 
One of the end uses of morphological data is the genera- 
tion and testing of biomechanical hypotheses. This is cer- 
tainly true for cartilaginous fishes, where CT scan data have 
been used to infer fluid flow in shark nares (Rygg et al., 2013), 
prey capture mechanics in megamouth sharks (Tomita et al., 
2011), and the mechanics of feeding in electric rays (Dean 
and Motta, 2004; Dean et al., 2006). Scans of the wings of 
rays have led to generalizable rules about the architecture of 
flapping propulsors used in underwater autonomous vehicles 
(Fontanella et al., 2013; Russo et al., 2015), although a more 
complete understanding of energy lost during flexion would 
be useful (Schaefer and Summers, 2005). The issue of crush- 
ing prey is an interesting one because of the seeming paradox 
of doing this with cartilaginous jaws. Nevertheless, diets com- 
posed primarily of hard-shelled invertebrates have evolved 
many times in chondrichthyans and, because the jaws are well 
mineralized, CT is useful for understanding the process. The 
hard-prey-crushing sharks include both bonnetheads, which 
eat crabs, and horn sharks, which eat echinoderms, bivalves, 
and gastropods (Huber et al., 2005; Mara et al., 2010). CT 
scans of the cranium provide a framework for modeling the 
bite forces of the attached muscles. The relative stiffness of 
the jaws of both horn sharks and the hard-prey-crushing cow- 
nose ray was modeled from second moment of area calcula- 
tions taken from CT scans (Summers et al., 2004). Kolmann 
et al. (2015) produced the surprising result that the shape 
of hard-prey-crushing stingray jaws does not allow some to 
crush prey more easily than others. This study relied on CT 
scans to provide a template for physical models that were a 
critical proxy for investigations of failure mechanics. 
Although straight morphology is by far the most com- 
mon use of CT in investigating cartilaginous fishes, some 
studies have used it for postmortem pathological investiga- 
tions—for example, the common scoliosis seen in captive 
sand tiger sharks (Preziosi et al., 2006). Another unusual 
use of CT is in the discovery of peculiar dietary habits. The 
wedgefish, Rhyncobatus, has a pebble-like dentition and 
might be expected to eat hard prey. The presence of many 
stingray spines in and around the jaws revealed by CT scans 
suggests they frequently consume smaller rays (Dean et al., 
2017). Applying comparative morphology to sensory neuro- 
biology, Maisey used CT to trace the evolution of low-fre- 
quency sound reception by examining the labyrinth of extant 
and fossil sharks (Maisey, 2001b; Maisey and Lane, 2010). 
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9.5 MAGNETIC RESONANCE IMAGING 
9.5.1 Historical Applications of 
MRI in Elasmobranchs 


Magnetic resonance imaging (MRI) is a technique that 
uses a magnetic field and radiofrequency waves to create 
high-resolution images of soft tissue structures. Although 
these cutting-edge technologies and methods are exten- 
sively developed for applications in humans and veterinary 
medicine (e.g., Elliot and Skerritt, 2010; Kiessling et al., 
2011), in recent years their applicability has been extended 
to non-invasive visualization and quantification of internal 
anatomy in elasmobranchs, including whole-body scans 
(Berquist et al., 2012; Blackband and Stokkopf, 1990; 
Ziegler et al., 2011) or smaller subregions of the body (e.g., 
Perry et al., 2007; Yopak and Frank, 2009; Ziegler et al., 
2011). Body tissue of most organisms contains a high num- 
ber of hydrogen atoms (i.e., protons), particularly in water 
and fat. The magnetic fields in an MR instrument are used 
to align the hydrogen atoms in the imaged object, essen- 
tially mapping the spatial distribution of water vs. fat in an 
organism. When placed in the magnetic field, the protons 
absorb the radiofrequency waves, thus generating a detect- 
able signal that is transmitted to a radiofrequency coil and 
then processed as a series of sliced images by a computer. 
The two primary types of MR imaging are functional MRI 
(fMRI) and anatomical MRI (referred to from this point 
forward as simply MRI). Although both employ the same 
instrumentation, they measure very different things in an 
organism. 


9.5.1.1. Anatomical MRI 


Magnetic resonance imaging, MR microscopy, and MR 
spectroscopy allow investigators to capture high-reso- 
lution (well under 100 um) 3D data of soft tissue struc- 
tures in situ in cartilaginous fishes. The wide availability 
of pulse sequences and the varied pulse sequence param- 
eters within this technique also allow for contrast optimi- 
zation in a particular tissue of interest (described below) 
and even assessment of chemical composition of fish tissue 
(Mathiassen et al., 2011). Although histological techniques 
can often provide higher spatial resolution than MRI data 
(up to the subcellular level), these more traditional methods 
are highly destructive, and distortions due to tearing and 
shearing are unavoidable (for a comparison of histology vs. 
MRI in fishes, see Ullmann et al., 2010b). MR technol- 
ogy is rapidly improving its resolution capabilities, with 
MR microscopy allowing for resolutions down to 10 um 
(Tyszka et al., 2005; Ullman et al., 2010a). Further, these 
methods are not restricted to in situ studies and have been 
demonstrated in vivo in fishes, allowing for characteriza- 
tion of physiological parameters such as bulk flow and dif- 
fusion (Bock et al., 2002). 


IMAGING TECHNOLOGIES IN THE FIELD AND LABORATORY 


Anatomical MRI technology has now been established as 
an effective investigative tool of the internal anatomy of tele- 
ost fishes, including variation in the brain (e.g., Ullmann et 
al., 2010a,b), assessment of barotrauma (Rogers et al., 2008), 
and investigation of highly specialized internal structures 
(e.g., Chakrabarty et al., 2011; Forbes et al., 2006; Graham 
et al., 2014; Sepulveda et al., 2007). This technology has 
also been increasingly employed for studies of elasmobranch 
anatomy, such as studies on pelagic shark red muscle vol- 
ume (Perry et al., 2007), head anatomy (Waller et al., 1994), 
and comparative brain morphology (Figure 9.5) (Yopak and 
Frank, 2009; Yopak et al., 2010, 2016), in addition to the gen- 
eration of online databases of MR data, such as the Digital 
Fish Library (http://www.digitalfishlibrary.org) (Berquist et 
al., 2012), where 46 species of cartilaginous fishes across 10 
orders have been imaged to date. Three-dimensional data 
also open doors to new questions in elasmobranch biology. 
For example, Yopak et al. (2016) investigated variation in 
shape and complexity of a region of the brain, the cerebel- 
lum, which varies greatly in size and folding (or foliation) 
across different shark and batoid species (Yopak, 2012), 
ranging from a smooth surface to a highly complex structure, 
with numerous invaginations and folds. Although previously 
quantified using a qualitative visual grading scheme (Yopak 
et al., 2007), MRI provided an automated mathematical 
assessment of the 3D shape of this structure. 


9.5.1.2 Functional MRI 


Although anatomical MRI has been increasingly exploited 
in the last decade in comparative elasmobranch research, no 
advancements have been published in the primary literature 
on functional MRI (MRI) in sharks (and very little in fishes 
generally; for a review, see Van der Linden et al., 2007). In 
clinical research, {MRI is used to understand how different 
parts of the brain respond to external stimuli. When neural 
activity increases in a particular brain region, the MR signal 
is also incrementally increased. Contrary to popular belief, 
however, neuronal electrical activity is not measured directly. 
Instead, fMRI measures either changes in the blood-oxygen- 
level-dependent (BOLD) signal, which in essence measures 
the ratio of oxygenated hemoglobin to deoxygenated hemo- 
globin across regions of the brain at various time points, or 
it measures changes in cerebral blood flow (CBF) or volume 
(CBV). So, rather than measuring absolute activity, fMRI 
measures activity differences in brain regions during a task 
compared to a control task. 

Theoretically, assessing in vivo neural physiology in 
cartilaginous fishes is possible, with obvious drawbacks, 
including irrigation of the gills or whole-body submersion 
(without disrupting the MR signal), anaesthesia that does not 
cross the blood-brain barrier (which may affect neural acti- 
vation), and immobilization during MR protocols, all with- 
out benefit of instrumentation that would be compromised 
by the strong magnetic field. To our knowledge, there is 
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only a single known fMRI study on a live fish species, and it 
explored changes in brain physiology (particularly the hypo- 
thalamus) by measuring changes in CBV and oxygenation 
of hemoglobin in response to thermal stress in the common 
carp (Cyprinus carpio) (van den Burg et al., 2005). At pres- 
ent, much more work is required before fMRI becomes a 
viable technique for assessing brain activity in live cartilagi- 
nous fishes. 


9.5.2 Requirements and Limitations of 
Instrumentation for Anatomical MRI 


Magnetic resonance is an incredibly powerful technique 
for non-invasive visualization, yet it requires highly tech- 
nical training, access to instrumentation (which can be cost 
prohibitive), and optimally prepared specimens for best 
results. The choice of instruments, radiofrequency coils, 
scan parameters, and protocols to employ when preparing 
the tissue will depend heavily on the size and shape of the 
specimen, level of resolving power required to visualize 
the tissue or structure of interest, tissue composition (e.g., 
hard tissue, soft tissue, fluids), and budgetary restrictions. 
In MRI, spatial resolution, or the ability to resolve two 
points as distinct, is defined by the size of the imaging vox- 
els, which are the individual volume resolution elements in 
an MR image. They can be thought of as 3D pixels, with 
the image slice thickness determining its depth. The size 
of the voxel (and therefore spatial resolution) is a function 
of slice thickness, field of view (FOV), and matrix size. 
Ultimately, the smaller the voxel, the higher the spatial res- 
olution. In addition, an MRI image is a combination of pure 
signal and noise, so the signal-to-noise ratio (SNR) is used 
to describe and evaluate the contrast in an image. The SNR 
can be improved by sampling larger volumes (i.e., increas- 
ing FOV and slice thickness), which comes at a cost of spa- 
tial resolution, or by increasing the size of the magnetic 
field. Thus, magnets of higher field strength (see Section 
9.5.2.1) ultimately produce images with a higher SNR than 
lower field strength instruments. They are also able to do 
so in less time, improving protocol efficiency and reducing 
the cost of scan time. Because most MR facilities charge 
hourly rates for instrument use (with additional fees for MR 
technicians), it is critical to determine the minimum spatial 
resolution required to visualize the structure of interest and 
obtain that degree of image quality in the shortest time 
frame. MR acquisition is often a delicate balance among 
numerous parameters, including spatial resolution, SNR, 
and scan time, combined with budgetary constraints. We 
detail below the current best practices for obtaining high- 
resolution images of soft tissue structures in cartilaginous 
fishes. This chapter covers only the basics of MR imag- 
ing as it pertains to optimizing images; for comprehensive 
overviews of MR physics, pulse sequences, radiofrequency 
coils, and scan parameters, see Kiessling et al. (2011) and 
Brown et al. (2014). 
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9.5.2.1. Instrumentation 


The first choice that must be made in any bioimaging study 
is the choice of instrument, which will vary primarily in 
terms of magnetic field strength, measured in the unit Tesla 
(T) or gauss. Although the list of scanners, their hardware, 
and thus their capabilities is quite broad, imaging in carti- 
laginous fishes will likely involve 1.5-T or 3-T human scan- 
ners (and, in some facilities, 7-T human scanners); 7-T, 9.4-T, 
or 11.7-T small animal scanners; and occasionally, 16.4-T 
small-bore magnets. Although these instruments can vary 
widely in the kinds of data they can produce, the primary 
parameters of concern for the purposes of this chapter are 
(1) spatial resolving power and (2) usable bore size, which 
(along with the coil used) determine how large a specimen 
can be successfully imaged. 

Human scanners have the benefit of being more widely 
available, due to the breadth of clinical research in hospi- 
tals and medical schools worldwide. In general, 1.5-T and 
3-T human scanners will have a larger usable bore (approxi- 
mately 70 to 110 cm) but will be limited in their field strength 
and thus the MR signal, producing images with lower spa- 
tial resolution (voxel resolutions of 90 to 100 um?) than more 
high-field magnets. Because these scanners are designed to 
fit a human body, these instruments are ideal for whole-body 
elasmobranch imaging. Perry et al (2007) imaged a 13-cm- 
long midbody segment of the shortfin mako shark (/surus 
oxyrinchus) using a 1.5-T clinical scanner and a standard 
knee coil. They also obtained a whole-body image (FL = 
81.5 cm) of the salmon shark (Lamna ditropis) using a 3-T 
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human scanner; five consecutive segments of the animal 
were imaged separately and registered in postprocessing. 
Both scans were of sufficient resolution to differentiate and 
segment red muscle volumes. Ziegler et al. (2011) imaged a 
whole leopard shark (Triakis semifasciata) on a 3-T human 
scanner, with reasonable contrast and spatial resolution (320 
to 280 um). Yopak and Frank (2009) imaged the crania of a 
neonate whale shark in situ (60.1 cm TL) using a 3-T human 
scanner and a custom-built rectangular surface coil. They 
obtained a spatial resolution of 500 um, which allowed for 
visualization of the brain but very little contrast between 
gray and white matter within the brain (Figure 9.6A). 

As the field strength increases, often the usable bore size 
decreases (thus limiting the size of specimens you can image), 
but the resolving power and SNR improve, allowing for dis- 
tinction between finer structures. Small animal scanners and 
the coils available for them provide enough room to fit sam- 
ples in the size range of mice or rats. Yopak and Frank (2009) 
imaged the brains (approximately 11 cm in length) from two 
juvenile whale sharks (Rhincodon typus) on a 7-T small ani- 
mal magnet with a 20-cm usable bore, producing images with 
high contrast between gray and white matter and a spatial 
resolution of 100 to 150 um (Figure 9.6B). Even finer still, 
in teleosts Ullmann et al. achieved 30-um resolution in the 
brain of the barramundi (Lates calcarifer) (2010c) and 10-um 
resolution in the brain of the zebrafish (Danio rerio) (2010a), 
which were imaged on a 16.4-T vertical magnet, which has a 
bore diameter of only 89 mm. At present, MRI is not suitable 
for specimens smaller than 1 mm from which it cannot gather 
meaningful anatomical data (Figure 9.7) (Ziegler et al., 2011). 


Figure 9.6 Magnetic resonance images of the brain of the whale shark (Rhincodon typus). (A) The brain of a neonate specimen in sagit- 
tal view, scanned in situ using (B) 7T,;-weighted 3D FSPGR, and (B) digitally segmented. (C) Sagittal slice of MR data of an 
excised brain from a juvenile specimen, scanned using 7,-weighted 3D FLASH sequence. (D) Digital segmentation of the 
major structures of the brain and cranial nerves. All digital segmentations were performed using ITK-SNAP (Yushkevich et al., 
2006). (Adapted from Yopak, K. and Frank, L.R., Brain Behav. Evol., 74, 121-142, 2009. With permission.) 
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Figure 9.7 A detailed flow chart to guide readers through the process of applying MRI to your research questions, including ideal imaging 
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9.5.2.2 Specimen Preparation and Optimization 


After choosing the magnet, the next step is to properly pre- 
pare the specimen for imaging (Figure 9.8). The quality of 
images obtained is highly dependent on the quality of the 
specimen, the strength of the magnetic field, and the ability 
of the scanner to detect the resulting MR signal in specimen 
tissues. As MRI is extremely sensitive to the structural and 
chemical nature of tissue, the physical condition of the spec- 
imens and the environment to which they have been exposed 
have significant impacts on imaging results. 

Blackband and Stoskopf (1990) were the first to apply 
MR imaging techniques in fishes in vivo (including the 
elasmobranch Chiloscyllium arabicum), and Cloutier et al. 
(1988) were the first to show selective enhancement of dif- 
ferent tissues (including brain, muscles, and cartilage) in a 
postmortem fish specimen, the coelacanth Latimeria cha- 
lumnae. Waller et al. (1994) were one of the first to publish 
nuclear magnetic resonance (NMR) images of the head of an 
elasmobranch, the bluntnose sixgill shark (Hexanchus gri- 
seus), which demonstrated the viability of this technique for 
visualizing cranial tissue and portions of the anterior body. 
These studies and others now both serve as a platform from 
which numerous studies since have applied these techniques. 

Standardized protocols have now been established, not 
only for instrumentation and scanning of specimens but also 
for optimal preparation of tissue (see Figure 9.8). Berquist 
et al. (2012) wrote a highly comprehensive review outlining 
best practices for specimen preparation for MRI of fishes, 
particularly in museum specimens, and Ziegler et al. (2011) 
determined the viability to apply these techniques across a 
range of vertebrates, including elasmobranchs. To mitigate 
adverse effects of suboptimal preparation, most MR studies 
in fishes recommend the following: 


1. Choose the best quality specimens possible. Although 
this is not always feasible when dealing with rare speci- 
mens, when several specimens are available it is best to 
choose the one that has no external damage and had the 
shortest postmortem time prior to fixation. 

2. Avoid freezing as a storage mechanism where possible 
(Berquist et al., 2012; Perry et al., 2007). Ideally, imag- 
ing fresh tissue provides the best results. Numerous 
imaging parameters can be affected by freezing, stor- 
ing, and thawing fish tissue (e.g., Nott et al., 1999a,b). 
Imaging previously frozen specimens as compared to 
fresh or fixed tissue will often result in poorer imaging 
quality, image artifacts, and very little contrast. 

3. Avoid the use of alcohol as a preservation medium wher- 
ever possible (Figure 9.8A,B), as it can result in tissue 
shrinkage due to a reduction in the amount of water and 
lipids in the tissue. This is quite common in museum 
collections, where specimens are typically fixed in 10% 
formalin and post-fixed in 50% isopropyl alcohol or 70% 
ethyl alcohol for long-term storage. Although imaging 
has been successfully performed on alcohol-preserved 
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fish samples (e.g., Chanet et al., 2009), exposure to alco- 
hol can significantly degrade the tissue MR responses, 
often does not result in images of high quality, and 
reduces the SNR (Berquist et al., 2012). 

4. To limit the tissue damage described above, Berquist 
et al. (2012) recommended that specimens preserved 
in alcohol should be immersed in successive reductions 
of 75%, 50%, and 25% alcohol over a period of several 
days, followed by full rehydration in phosphate-buffered 
saline (PBS) with the addition of 0.01% sodium azide. 
Although formalin fixation can also result in alteration 
of image contrast (e.g., Yong-Hing et al., 2005), it is a 
preferable preservation method compared to the use of 
alcohol. Regardless of the type fixative used, it is best 
practice to leech out all fixatives prior to imaging, using 
PBS + 0.01% sodium azide. 


Image quality can be significantly enhanced if specimens 
undergo some degree of sample preparation prior to scan- 
ning. In particular, gadolinium-based contrast agents can 
enhance the MR responses of tissues and improve their ana- 
tomical contrast (e.g., Chakrabarty et al., 2011). For example, 
prior to imaging the brain of the whale shark (Rhincodon 
typus), Yopak and Frank (2009) transferred the brain tis- 
sue, which was previously fixed in 10% formalin, to PBS 
+ 0.01% sodium azide for a week followed by the addition 
of 5-mM ProHance® (Bracco Diagnostics, Inc.; Princeton, 
NJ) for 7 days. Equilibrating the tissue in this contrast agent 
achieved increases in SNR efficiency of the data acquisition 
and high contrast within the brain (Figure 9.6B). Berquist et 
al. (2012) similarly found this to be a highly effective method 
for improving image contrast in small whole-body specimens 
at 2.5-mM ProHance® (Figure 9.8C,D), although this may be 
cost prohibitive for larger specimens (e.g., Perry et al., 2007). 

The technique for securing specimens while inside of the 
scanner also seems to be dependent on specimen size. Waller 
et al. (1994) were able to optimize scanning of Hexanchus 
griseus on a 4.7-T magnet by wrapping the specimen and 
mounting it directly in a saddle-shaped radiofrequency (RF) 
coil. Similarly, Berquist et al. (2012) imaged whole-body 
specimens after wrapping them in sheeting plastic and tap- 
ing them onto the scanning bed of a 3-T human magnet. In 
contrast, for small-bodied specimens (<15 cm), suspension in 
a perfluoropolyether (PFPE) fluid is common, as it is proton 
free (and thus MR invisible), reduces susceptibility to arti- 
facts at air—tissue boundaries, and helps to avoid tissue dehy- 
dration. Further, a vessel in which the sample is suspended 
can be vacuum sealed, which reduces or removes air bubbles 
in the chamber, further ensuring optimal images without air- 
bubble artifacts. The literature details the use of the PFPEs 
Galden® (Solvay Solexis, Houston, TX) (Berquist et al., 
2012) and Fomblin® (Ausimont, Morristown, NJ) (Ullman et 
al, 2010a,b) in fishes, although numerous brands are avail- 
able. In some instances, specimens can be scanned in other 
media (including distilled water, formalin, or even 70% etha- 
nol (Ziegler and Mueller, 2011; Ziegler et al., 2011); however, 
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Contrast agent 


~ 


T>-weighted pulse sequence (3D FIESTA) 


Figure 9.8 Optimization of MR data acquisition. (A) The red bream (Beryx decadactylus) preserved in EtOH, imaged with a 7,-weighted 
FSPGR pulse sequence on the 3-T scanner prior to rehydration, and (B) reimaged following rehydration, resulting in an 
enhanced image quality. (C) The fantail filefish (Pervagor spilosoma) initially imaged on the 7-T scanner using a 7,-weighted 
FLASH pulse sequence without exposure to the contrast agent, ProHance®. (D) Subsequent reimaging after exposure to 2.5- 
mM ProHance®, resulting in a significantly brighter MR signal and enhanced visual contrast among tissues. (E) Comparison 
of T,-weighted 3D FSPGR and (F) 7,-weighted 3D FIESTA MRI pulse sequences acquired on the 3-T scanner in the smooth 
hammerhead (Sphyrna lewini). (Adapted from Berquist, R., et al., PLoS ONE, 7(4), €34499, 2012. With permission.) 


Waller et al. (1994) found that scanning H. griseus in ethanol 
provided highly unsatisfactory results. Regardless, it is vital 
that the specimen not move during imaging, as movement 
artifacts are highly problematic (for a review, see Ziegler et 
al., 2011). Securing the specimen to a platform with tape or 
low-melting agarose can often solve these issues. 


Finally, the presence of a strong magnetic field requires 
that all metal objects be removed from the subject as well as 
any investigator entering the instrument room. In the case of 
whole-body elasmobranch imaging, this requires checking 
the mouth and body cavity for hooks or other metal objects 
that may inadvertently have been left in the animal. 
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9.5.2.3 MR Data Acquisition 


Magnetic resonance imaging has a unique ability to depict 
soft tissues because of its sensitivity to the state of tissue water. 
The signal is sensitive to the local water content (i.e., proton 
density in a voxel), recovery of the MR signal (longitudinal 
relaxation time, 7,), and decay of the MRI signal (transverse 
relaxation time, 7,) (Callaghan, 1991). These key param- 
eters depend on the local tissue environment (including tis- 
sue microstructure and protein content) and can differ widely 
between soft tissue structures; thus, generation of images with 
high contrast between tissues with different relaxation times 
is the most common method of anatomical imaging. 

Emphasizing 7, variation (termed 7,-weighted imag- 
ing) is particularly useful when distinguishing between tis- 
sue types (Frank, 2002), as it emphasizes contrast between 
microstructures, such that water and dense bone appear 
dark and fats appear bright (Figure 9.8E). For example, 
T,-weighted imaging is the standard for acquiring images 
with gray and white matter contrast in the brain (e.g., Yopak 
and Frank, 2009; Yopak et al., 2016); distinguishing among 
cranial structures such as eye, cartilage, and stomach (e.g., 
Waller et al., 1994); and differentiating muscle (Perry et al., 
2007) in cartilaginous fishes. In contrast, emphasizing T, 
variation (termed 7,-weighted imaging) is generally ideal 
when distinguishing between tissue and fluid, where water is 
bright and air and fats appear dark (Figure 9.8F). Although 
this technique is less commonly used in scanning of non- 
human subjects, Ullman et al. (2010a) used T,-weighted 
imaging sequences to develop an MR-based 3D atlas of the 
zebrafish brain, which increased the SNR per unit time. 

In addition, there are seemingly limitless scan param- 
eters to adjust, including slice thickness, echo time (T;,), rep- 
etition time (7;), flip angle, and number of averages, which 
will all vary depending on the specimen, instrument, avail- 
able radiofrequency (RF) coils, and the structure of interest. 
Detailing them all is outside of the scope of this chapter, but 
we recommend Berquist et al. (2012) and Ziegler et al. (2011) 
for excellent guides on standard pulse sequence parameters 
for a range of fish species imaged in a range of instruments. 


9.5.2.4 Data Processing, 3D Segmentation, 
and Visualization 


Almost all MRI scanners can output data into the stan- 
dard medical imaging DICOM formats (DCM files). These 
files can also be converted into other formats that may be 
required by different imaging analysis software. There is, 
then, a large number of options for software that allows the 
researcher to visualize, process, and segment MRI data, 
including the freeware ImageJ (http://rsbweb.nih.gov/ij/), 
OsiriX (http:// www.osirix-viewer.com)), and ITK-SNAP 
(http://www.itksnap.org/pmwiki/pmwiki.php) (Yushkevich 
et al., 2006), as well as licensed software such as Amira™ 
and Avizo® (https://www.fei.com/software/). From the 3D 
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data, numerous features of internal anatomy can be quanti- 
fied, including gross descriptions, as well as linear dimen- 
sions, surface area, and volumes of structures. 


9.5.3 Expectations, Limitations, and Data 


Magnetic resonance imaging is a highly versatile technique that 
provides very high resolution (down to 10 um) images of soft 
tissue structures. Unlike CT, MRI does not use any ionizing 
radiation and is generally favored over CT when either modal- 
ity could yield the same information. It is ideal for imaging 
soft tissue structures, as it provides excellent contrast between 
tissue types, generating up to 250 shades of gray in optimized 
samples. For neuroanatomical studies, it also has functional 
capabilities, although these have not been fully explored in 
marine organisms. Because many images are taken millisec- 
onds apart, it shows how the brain responds to different stimuli 
(i.e., fMRI) and can measure physiological parameters such 
as bulk flow and diffusion. However, MRI has several limi- 
tations, as well. This technique is more time consuming and 
expensive than other digital imaging methods such as x-ray 
and CT, and it requires highly specialized safety and opera- 
tor training. There are safety concerns when working with 
such high magnetic fields, and researchers with pacemakers or 
implanted metal objects are restricted from working with these 
instruments. Further, live animal work is impacted, as metallic 
instruments of any kind are not allowed within the room, hin- 
dering experiments that may require special equipment. 


9.6 SUMMARY AND CONCLUSIONS 


The ideal method for anatomical assessment is non-invasive 
with infinite resolution and complete discrimination among 
tissue types, and the imaging can be acquired instanta- 
neously. No current methods to date service all of these 
needs. However, technological advancements in bioimaging, 
such as ultrasonography, endoscopy, CT, and MRI, are pro- 
viding remarkable advancements in resolution, enabling new 
avenues for longitudinal studies, facilitating rapid digital data 
dissemination, and providing new opportunities for teaching 
and outreach. Many of these methods also create a permanent 
3D digital record of these samples. Digitization of specimens 
serves a critical role in preserving biological material in per- 
petuity, and curating and maintaining an online, accessible 
database facilitates worldwide access to biological collections. 
Recent advances in the last decade have allowed researchers 
access to online repositories of digital material, ranging from 
MR images of invertebrates, such as echinoids (Ziegler et al., 
2008; http://www.morphdbase.de), to fishes (e.g., Berquist et 
al., 2012; http://www.digitalfishlibrary.org), as well as CT 
of a wide range of specimens, including living and extinct 
vertebrates (e.g., www.digimorph.org) and a range of chor- 
dates (http://morphosource.org), resulting in digital datasets 
of high taxonomic breadth. In addition to maintaining the 
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physical integrity of specimens, particularly for rare speci- 
mens and holotypes, such access provides researchers with 
a wealth of morphological data, allowing new questions to 
be asked without the need to collect additional animals. Not 
all methodologies are ideal for all questions (Figure 9.9). We 
hope the content provided in this chapter will allow readers 
to explore the optimal technique for their research, avoid 
common challenges and pitfalls, and advance our collective 
understanding of elasmobranch biology. 
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10.1 INTRODUCTION 

Age determination is a fundamental field of study that is of 
critical importance to management and conservation of a 
species (Cortés, 2002; Harry, 2017). Determining popula- 
tion demographics can only be accomplished with the input 
of age data; yet, despite years of age determination efforts, 
it continues to be one of the most challenging and nuanced 
aspects of life history investigation in elasmobranchs. A 
variety of methods have been used to determine ages in elas- 
mobranchs, some successful and some not. New techniques 
to obtain accurate and precise ages are being developed, and 
it is important to recognize the value of both old and new 
methodologies. 

Because elasmobranchs lack otoliths—a well conserved 
ear stone that is commonly used for teleost age and growth 
studies—vertebral centra have become the most commonly 
used hard structure for age determination and in many ways 
have become somewhat synonymous with age and growth 
estimation in elasmobranchs. Typically, mineralized band 
pairs, which are often defined as consisting of one opaque 
and one translucent band, are counted to determine age 
(Figure 10.1) (Cailliet, 1990; Cailliet et al., 1986). In the 
early history, vertebral age reading focused on quantifying 
the band pairs that were assumed to be annual, although the 
periodicity of band pair formation has been validated in only 
a limited number of studies and, in those, a limited portion 
of the species lifespan (for a summary, see Cailliet, 1990; 
Cailliet and Goldman, 2004; Goldman, 2005). Vertebral 
centra cannot be used in some species due to a lack of calci- 
fied band pairs or a lack of correspondence between band 
pairs and time (Hamady et al., 2014; Holden and Meadows, 
1962; Kaganovskaia, 1933; Natanson and Cailliet, 1990; 
Natanson et al., 2008). Other hard structures, such as dorsal 
fin spines, caudal thorns, and neural arches, have been used 
with varying success and can provide some level of veri- 
fication between structures (Cailliet and Goldman, 2004). 
Additional methods, not related to band pairs or hard struc- 
tures, have also been used to obtain age and growth data, 
such as length—frequency analysis and growth data from 
tagged and recaptured fish (Andrews et al., 2011b; Casey and 
Natanson, 1992; Dureuil and Worm, 2015; Natanson et al., 
2002; Wells et al., 2016). 
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Extensive reviews have already covered the need for age 
and growth studies, techniques for enhancing band pairs 
in vertebral centra, and age-validated species compilations 
(Cailliet, 1990, 2015; Cailliet and Goldman, 2004; Cailliet et 
al., 1986, 2006; Goldman et al., 2012). This chapter focuses 
on the pros and cons of current methods of age determina- 
tion and validation, explores emerging technologies that go 
beyond traditional vertebral band pair counting, and more 
fully examines issues of age estimation using other structures 
(such as dorsal spines and caudal thorns) and techniques. 


10.2 SUBJECTIVITY AND VALIDATION 
OF AGEING STRUCTURES 


The use of a hard part to age a species requires that the struc- 
ture increase in size in proportion to the body and that it 
deposit band pairs consistently with increasing age (Lagler, 
1952). Because elasmobranchs lack otoliths, other structures 


Figure 10.1 Section of a porbeagle (Lamna nasus) centra with 
5-mm scale and band pairs marked. Abbreviations: 
CC, corpus calcareum; IM, intermedialia; B, birth 


band. 
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have been used to estimate age. All of the techniques associ- 
ated with these structures have positive and negative consid- 
erations for their use and each will be discussed separately. 
However, there are general concerns about counting band 
pairs in any hard part that must be treated prior to initiating 
a study. These include the subjectivity of band pair counts 
(preparation methods, consistency of samples, defined, 
repeatable criteria, and ager bias), as well as knowledge of 
the temporal periodicity of the band pairs (validation). 
10.2.1 Subjectivity of Band Pair Counts 

Assuming that band pair counts on any structure can be 
used, counts must first be repeatable using a well-defined 
protocol on both preparation and enumeration criteria to 
minimize subjectivity. Band pair counts on any growth 
structure are subject to discrepancies due to structure, prep- 
aration methods, and visualization and interpretation of the 
band pairs themselves. Even with well-defined criteria, their 
interpretation is based on the subjective eye of the reader, 
often leading to disparate age estimates for a given speci- 
men. Splits in the intermedialia, the corpus calcareum, or 
both, as well as double banding patterns, are often confus- 
ing and difficult to discern, even with established criteria 
(Figure 10.2). Most authors use measures to ensure repeat- 
ability (e.g., bias analyses, intercalibration, references sets) 
(Campana, 2001; Goldman et al., 2012), although band pair 
interpretation is contingent on several factors that include 
microscope quality and configuration, computer hardware 


Figure 10.2 X-ray of portion of bow-tie section from a 146-cm 
female blue shark (Prionace glauca). The white 
circles identify the splits discussed in the text. 
Abbreviations: F, focus; CC, corpus calcareum; |, 
intermedialia; BB, birth band; CL, centrum length. 
(Reproduced with permission from Francis, M.P. 
and Maolagain, C.O., Size, Maturity and Length 
Composition of Blue Sharks Observed in New 
Zealand Tuna Longline Fisheries, New Zealand 
Fisheries Assessment Report 2016/60, Ministry for 
Primary Industries, Wellington, New Zealand, 2016.) 
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and image analysis programs, and the variable quality of the 
centra themselves, with emphasis on reader experience with 
a particular species. Officer et al. (1996), for example, dem- 
onstrated that experienced age readers have higher precision 
and less bias. Certain species, including the white shark 
(Carcharodon carcharias) and the common thresher shark 
(Alopias vulpinus), are particularly difficult to maintain 
reader agreement and consistency of the age reading criteria 
(L.J. Natanson, unpublished data). In the South Pacific, two 
banding patterns were observed in blue sharks (Prionace 
glauca), and researchers were unable to effectively assign 
ages to the specimens (Francis and Maolagain, 2016). This 
problem affects not only band pair counts but also marginal 
increment analysis (MIA), a method commonly applied to 
verify band pair periodicity. MIA relies on precise inter- 
pretation of the distal band pair and affects the ability to 
compare age reading results among studies because the dif- 
ferences may be related to subjectivity rather than real dif- 
ferences in population growth rates (Tanaka, 1990). 

Generally, in an ageing study, criteria for counting a band 
pair are defined prior to initiation of the study. Intercalibration 
studies and reference sets have become more common tools 
to help assess and improve the repeatability of both individual 
counts of one reader (intra-) and counts between two readers 
(inter-). Reference sets consist of a subsample of specimens 
of representative sizes whose ages have been agreed upon 
that readers can recount prior to rereading the entire set to 
refresh themselves on criteria and maintain quality con- 
trol (Campana, 2001). Tanaka (1990) was one of the first to 
address problems with reader bias and precision by exchang- 
ing samples between laboratories (intercalibration) and sug- 
gested that real differences of growth parameters between 
populations may be obscured by method and interpretation 
variability for the blue shark. In addition to intercalibration 
studies, strict definition of interpretation criteria and exami- 
nations of bias and precision have become standard in age- 
ing studies (for details, see Campana, 2001; Goldman et al., 
2012; McBride, 2015), although lack of agreement of band 
pair counts still exists (Francis and Maolagain, 2016; L.J. 
Natanson, unpublished data). 


10.2.2 Validation 


Perhaps the most difficult aspect of age determination is 
the need for age validation, generally defined as obtaining 
the absolute age of a fish (Beamish and McFarlane, 1983; 
Campana, 2001). With respect to elasmobranchs, it is typi- 
cally the periodicity of band pair formation that is validated 
for a species; it can then be extended for use as validated 
criteria for age reading of other conspecifics. However, this 
must be accomplished over the entire size range of a species 
because only then can the age of a given fish be considered 
absolute (Beamish and McFarlane, 1983; Campana, 2001). 
Although this has been a principle of ageing studies since 
their initiation, itis often overlooked and rarely accomplished 
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(Beamish and McFarlane, 1983; Cailliet, 1990, 2015; Cailliet 
and Goldman, 2004; Cailliet et al., 1986, 2006; Goldman et 
al., 2012). Due to the increasing numbers of studies showing 
a limited or lack of an age relationship to vertebral band pair 
counts, it is important to directly validate every life stage, 
structure used, and population of a given species. Age vali- 
dation studies using chemical marking and bomb radiocar- 
bon dating have been variably successful at validating age 
for some portion of lifespan, but they require careful consid- 
eration when applied in conjunction with age determination 
studies. This is particularly important due to the increase 
in evidence that age underestimation is occurring in at least 
30% of studies that have used band pair counts on vertebral 
centra (Harry, 2017). 


10.2.2.1_ Validation Concepts and Missing Time 


In 2001, Kalish and Johnston applied bomb radiocar- 
bon (4C) dating to elasmobranchs to validate band pairs 
of the school shark (Galeorhinus galeus); since then, this 
technique has been used as an age validation tool across 
a wide range of elasmobranch species and has led to 
advances in understanding carbon uptake in elasmobranchs 
(e.g., Andrews et al., 2011b; Kerr et al., 2006; Kneebone 
et al., 2008; Passerotti et al., 2010). The use of bomb “#C 
dating has aided validation investigations, and, although 
several bomb C studies have validated annual periodic- 
ity throughout life (Ardizzone et al., 2006; Campana et al., 
2002; Kneebone et al., 2008), studies are now showing that 
band pair deposition rate is annual for only a portion of 
the lifespan in many species. One important result of this 
technique is that it has highlighted the prevalence of age 
underestimation in the field. Harry (2017) showed that age 
underestimation occurred in at least 9 of 29 elasmobranch 
genera, including 50% of those validated with bomb “C 
dating. This has led to a major shift in the mindset of age 
determination in elasmobranchs. Age underestimation can 
partly be explained by the concept of “missing time,” which 
is years of life not recorded due to discontinuous band pair 
deposition (Passerotti et al., 2014). 

Irregularity of the band pair deposition could be attrib- 
uted to variation between or within species, specific life 
stage events, or a combination of these factors; for exam- 
ple, many species seem to exhibit annual band pair deposi- 
tion only up to age at maturity (e.g., Andrews et al., 2011b; 
Natanson et al., 2015). The shortfin mako U/surus oxyrin- 
chus) was validated using bomb MC dating in the western 
North Atlantic Ocean (Ardizzone et al., 2006), but oxytet- 
racycline (OTC) validation studies from the Pacific showed 
an ontogenetic shift from two band pairs per year in early 
life to one band pair per year later in life (Kinney et al., 
2016; Wells et al., 2013). Suggestions for band pair deposi- 
tion cues include changes in temperature, salinity, photope- 
riod, season, and annual migrations. None of these factors, 
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however, has been proven, and in some cases they have even 
been disproven, such as temperature and salinity in the little 
skate (Leucoraja erinacea) (Natanson, 1993; Sagarese and 
Frisk, 2010). Little work has been published on the possi- 
ble triggers for band pair deposition, and it is an area that 
should be further explored. The cessation of somatic growth 
(leading to a similar cessation of vertebral growth) has been 
suggested to account for missing time in the visual age 
assessments from elasmobranch vertebrae (Francis et al., 
2007). Although phase lags observed in the sample chronol- 
ogy of some species can be explained by habitat and dietary 
sources that are depleted in '*C (e.g., Campana et al., 2002; 
Kneebone et al., 2008), several well-executed studies have 
revealed evidence for discontinuous accretion of vertebral 
band structure. Passerotti et al. (2014) demonstrated that up 
to 18 years of missing time provided an explanation for an 
observed offset in the “C record from the vertebrae of sand 
tiger sharks (Carcharias taurus), but the study also vali- 
dated annual growth and band pair deposition up to an age 
of roughly 12 years. This phenomenon was first observed 
in New Zealand porbeagle (Lamna nasus) (Francis et al., 
2007) and has been evident in several other shark studies 
(Andrews and Kerr, 2015; Andrews et al., 2011b; Hamady et 
al., 2014; Natanson et al., 2014, 2015). 

In early growth, the band pairs may be deposited at a 
rate that coincides with annual band pair deposition, as has 
been found in many species using OTC validation (Kinney 
et al., 2016; Natanson et al., 2002; Wells et al., 2013, 2016). 
As growth slows toward maximum size and the structural 
requirements of the vertebral centra change, the periodic- 
ity of band pair deposition is also bound to change (L.J. 
Natanson et al., unpublished data). These results corrobo- 
rate the phenomenon of missing time with increasing age at 
maximum sizes and could explain both the observed irregu- 
larities in band pair deposition and lack of temporal correla- 
tion after a certain age or life stage. 


10.2.2.2 Validation Methodology 


When initiating a validation study, it is important to note 
that age validation must not be confused with age verifica- 
tion, which is simply the corroboration of indeterminate age 
estimates for an individual that were produced from differ- 
ent structures or methods—it is simply a confirmation of 
age estimate consistency and not accuracy (Cailliet, 1990). 
Validation methods have improved from indirect methods, 
which include tag—recapture and length—frequency analyses 
for use in refining age estimation, and MIA for temporal 
periodicity. These methods are basic comparisons between 
techniques that have some degree of time specificity or 
temporal calibration but do not directly assign a year of 
formation to specific band pairs. Direct age validation is 
accomplished when a date can be ascribed from a method 
that is directly correlated to time (Cailliet, 2015; Cailliet 
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and Goldman, 2004; Cailliet et al., 2006; Campana, 2001; 
Goldman et al., 2012). Methods particularly useful for direct 
validation include mark—recapture with external tags and 
chemical markers and, more recently, the use of a time-spe- 
cific marker of the marine environment (i.e., bomb radiocar- 
bon dating). 


10.2.2.3 Chemical Marking 


Age validation studies using chemical marking and bomb 
radiocarbon dating have been variably successful at validat- 
ing age for some portion of the lifespan but require careful 
consideration when applied in conjunction with age deter- 
mination studies. Marking of vertebral centra with fluoro- 
chrome markers was first used in elasmobranchs by Holden 
and Vince (1973), who adapted the technique from teleost 
studies and tagged, injected with OTC, and released 16 Raja 
clavata into the wild. In addition to OTC, calcein and aliz- 
arin red S have been applied to elasmobranchs (Officer et 
al., 1997). Tetracycline is the most common fluorochrome 
marker used and has proven to be a successful validation tool 
in at least 22 studies (for studies up to 2003, see Cailliet and 
Goldman, 2004; Kinney et al., 2016; Natanson et al., 2006; 
Wells et al., 2013, 2016). These studies have shown results 
including annual periodicity, annual periodicity in juveniles 
changing to biannual in adults, and no temporal periodicity 
(Kinney et al., 2016; Natanson and Cailliet, 1990; Natanson 
et al., 2002; Wells et al., 2013, 2016). Recent examples of 
successful OTC validation include the porbeagle, shortfin 
mako, and blue shark (Kinney et al., 2016; Natanson et al., 
2002; Wells et al., 2013, 2016). Calcein has been used suc- 
cessfully in at least six studies (Gelsclechter et al., 1997; 
Gutterridge et al., 2013; Harry et al., 2013; McAuley et al., 
2006; Officer et al., 1997; Pierce and Bennett, 2009), and 
alizarin red S use is less common (Officer et al., 1997). 
Injection (or immersion) of fishes with a chemical is a 
standard technique used to mark sites of active calcification 
in hard parts, such as otoliths in teleost fishes and vertebral 
centra in elasmobranchs (Campana, 2001; Gelsleichter et al., 
1997; Kinney et al., 2016; Natanson et al., 2002; Officer et 
al., 1997). Dosage of the chemical depends on the marker, 
although 25 mg/kg has been used for OTC and 5 to 25 mg/ 
kg has been used for calcein (McFarlane and Beamish, 1987; 
Officer et al., 1997; Pierce and Bennett, 2009). These chemi- 
cals permanently bind to the calcium in the growth struc- 
ture at, or close to, the time of injection to create a temporal 
marker (Officer et al., 1997). This marker can then be used 
at some time in the future, when the fish is sacrificed, to pro- 
vide a time reference to the growth that is past the chemical 
mark (Figure 10.3). One benefit of calcein is that the mark 
can be viewed directly, whereas long-wave ultraviolet (UV) 
light is required to view the OTC mark. This type of study 
can be conducted in a live-rearing tank or used in conjunc- 
tion with a tag—recapture program. Live rearing provides 


Figure 10.3. The section of a porbeagle (Lamna nasus) centra 
shown in Figure 10.1 with 5-mm scale and band pairs 
marked taken under ultraviolet light to show the yel- 
low oxytetracycline mark. 


control over the fish’s environment and the time period 
between injection and sacrifice, which allows for regulated 
experimental techniques, but aquarium growth may not 
accurately reflect growth in the wild. Tag—recapture results 
represent natural growth, but large numbers of tagged indi- 
viduals are required to provide few returns. 


10.2.2.4 Bomb Radiocarbon 


Bomb radiocarbon dating has become a widely adopted 
standard for validating other age estimation methods in elas- 
mobranchs. The method relies on an anthropogenic rise in 
atmospheric “C that resulted from the testing of thermonu- 
clear devices in the 1950s and 1960s; the *C that diffused 
into the marine system can be found in the tissues of various 
marine organisms (e.g., Broecker and Peng, 1982; Druffel and 
Linick, 1978). The rapid increase in “C during this period 
was virtually synchronous for organisms inhabiting shal- 
low marine environments (Campana, 1999; Druffel, 2002; 
Grottoli and Eakin, 2007), producing a record in known-age 
tissues that can be used as a reference for validating estimates 
of age (Andrews et al., 201 1a; Kalish 1993). As a result, a num- 
ber of studies have used this method to validate—and in some 
cases invalidate—estimates of age, growth, and longevity for 
elasmobranchs (e.g., Andrews and Kerr, 2015; Campana et al., 
2002; Passerotti et al., 2014; for a comprehensive list to date, 
see Harry, 2017). At present, its application is largely limited 
to vertebrae, but the use of material extracted from other con- 
served structures is being explored. 
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10.2.2.4.1 Sample Requirements 

An age estimate and known collection date for vertebral 
samples is of primary importance when attempting bomb 
radiocarbon dating because of the potential constraints it 
places on the dates of formation of a band pair within a given 
shark vertebrae. Although a single shark vertebrae could be 
analyzed (via a series of extracted samples from oldest to 
youngest growth), a better scenario is a series of larger adults 
whose ages have been estimated to include birth through the 
'4C rise period; the most informative period is typically from 
the mid-1950s through the 1960s. The best-case scenario is 
to add known-age juvenile specimens (or at least younger 
sharks where age is far less in question) to the adult sample 
series that cover the most informative period for verifica- 
tion of adult measurement alignment (e.g., Passerotti et al., 
2014). Under these circumstances, only archived material 
will provide a basis for such a study. In cases where under- 
estimated age is suspected for potentially long-lived sharks, 
more recent collection dates can be explored to determine if 
the informative period was captured during the formation of 
the vertebrae (Andrews et al., 2011b; Hamady et al., 2014; 
Natanson et al., 2014). 

For each specimen, it is important to consider the num- 
ber of growth bands sampled for “C analyses to increase the 
chances of success. Ideally, a series of samples from within 
each shark vertebrae provides individual '*C chronologies to 
guide the temporal alignment with regional '4C references. 
This results in numerous samples per individual, perhaps 
one every few years of estimated growth. Alternatively, a 
series of specimens from a range of collection years (rang- 
ing back several decades) can provide an alignment if the 
assigned ages are well constrained (e.g., a series of adults 
collected over several decades with known collection years). 
In all of these scenarios, the goal is to locate a measurement 
or series of measurements in vertebral material that can be 
correlated to a regional “C reference record in order to pro- 
vide a dated reference for comparison of estimated age. 

Often unstated in the literature is the requirement that 
vertebral samples analyzed for *C must be free of exposure 
to “C-tracer levels or operations (Zermefio et al., 2004). 
Because samples can be contaminated by instruments or 
analysis facilities (e.g., samples should not be handled or 
stored in laboratories that investigate primary productivity 
using a C tracer), it is important to know the history and 
handling environment of the tissues to be analyzed. Every 
accelerator mass spectrometry (AMS) facility offers swipe 
test sample analyses to determine if the potential exists, and 
it is essential for any '*C analysis to use this technique. 

Vertebral samples are best stored frozen in a standard 
freezer after extraction from the shark. Samples are then later 
cleaned and dried for long-term storage. Storage in ethanol is 
generally acceptable but may cause unknown changes to the 
original sample matrix over long periods of time. 
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10.2.2.4.2 Reference Chronologies 


Another requirement for successful bomb C dating is a 
regional reference chronology that may or may not be geo- 
graphically specific for comparison of material measure- 
ments. Because the atmospheric '*C produced from nuclear 
testing was circulated and absorbed differently in various 
marine environments (e.g., rapid diffusion into surface lay- 
ers vs. delayed diffusion into deeper waters), the timing and 
magnitude of “C in reference chronologies will vary due 
to location, water depth and mixing, and pre-bomb levels 
(Druffel, 2002). Hence, when selecting an appropriate “C 
reference, one needs to consider habitat through ontogeny of 
the shark species in question and how it may be similar or dif- 
ferent from the reference. In addition, the uptake and sources 
of the regional reference must be considered. In many cases, 
hermatypic coral records have been used for species of 
tropical and subtropical waters. These colonies exhibit rapid 
uptake of dissolved inorganic carbon (DIC) directly from 
the water column, whereas the primary source of carbon to 
the vertebrae of elasmobranchs is dietary carbon from prey 
items (Fry, 1988). Thus, the cumulative effect of shark habi- 
tat and the primary habitat of its prey will determine how 
closely the timing and magnitude of the bomb *C record 
in the vertebrae will be to the reference record over time. 
For example, great hammerhead sharks (Sphyrna mokarran) 
and sand tiger sharks—both of which feed predominantly 
on prey from well-mixed, shallow-water environments— 
exhibited vertebral '4C chronologies that closely mirrored 
both the timing and magnitude of coral "C reference chro- 
nologies (Passerotti et al., 2010, 2014). Conversely, species 
undergoing long migrations, extensive vertical movements, 
or both (e.g., porbeagle, white shark) will almost certainly 
be consuming prey from a mix of water depths. This kind 
of uptake would lead to variable or attenuated vertebral C 
levels because of an uptake of carbon from prey that grows 
in the '*C-depleted depths. As a result, the '*C uptake pattern 
through ontogeny may be phase shifted, attenuated, or both 
relative to the timing and magnitude of mixed layer refer- 
ences (e.g., coral or known-age otolith material) (Campana 
et al., 2002; Hamady et al., 2014; Kerr et al., 2006; McPhie 
and Campana, 2009). In cases like these, it may be most 
informative to create a species-specific reference chronol- 
ogy using samples from younger, known-age sharks span- 
ning the period of initial rise in marine “C, as exemplified 
in studies of the porbeagle (Campana et al., 2002) and sand 
tiger shark (Passerotti et al., 2014). In other circumstances, 
where no good regional reference is available and the life 
history of the species is highly variable, assumptions must 
be made that can place constraints on age for what may be 
a more accurate age estimate compared to other methods 
that have no temporal constraints (e.g., counting growth 
bands) (Andrews and Kerr, 2015). Overall, the availability 
and choice of a regional '*C reference and its applicability 
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to the elasmobranch in question will ultimately determine 
the resolution and conclusiveness of results (e.g., King et al., 
2017; McPhie and Campana, 2009), and they must be con- 
sidered in concert with sample collection dates and potential 
birth years when designing a bomb '#C study. 


10.2.2.4.3 Sample Extraction 


Methods for extracting material from shark vertebrae have 
advantages and disadvantages relative to the use of otoliths 
for teleost fishes. Otoliths are typically limited to an extrac- 
tion of the core material (earliest growth of a few months or 
up to perhaps a year of carbonate accretion) because the mass 
growth is spread over a surface area that is increasing with 
age, such that the annual ring width decreases significantly 
toward the edge of the otolith and usually precludes sam- 
pling through ontogeny. Shark vertebrae—when sectioned to 
reveal the inner structure of the corpus calcareum (Figure 
10.1 and 10.4)—also exhibit an attenuation in the thickness of 
the material accreted for each successive year, but the amount 
of material overall is greater and provides an opportunity to 
measure the uptake of '*C over the life of the shark. With a 
scalpel, a small block of the centra is usually removed from 
an area of the corpus calcareum that may hold a particular 
date in the time series. Usually, several dates are selected to 
cover the estimated lifespan which are then used to describe 
the uptake of “C during this time. A similar situation can 
happen with a micromill where a block is extracted by drill- 
ing around the area of interest (Figure 10.4). In each case, 
the amount of carbon must be calculated to assess the ability 
of AMS to detect the “C signal; for example, a minimum of 
2 umol carbon is required for combustion of small samples at 
the National Ocean Sciences AMS facility at the Woods Hole 
Oceanographic Institution. Within this sampling design, 
early growth can be sampled with greater temporal resolution 
because the band width is greater than in the older growth; in 
most cases, it has been necessary to sample several years of 
growth to acquire enough material for the AMS. 


10.2.2.4.4 Sample Processing 


The method used to process extracted vertebral material 
has differed among studies. Early work explored pretreat- 
ment of samples because it was thought that the organic 
component had to be isolated from inorganic carbon. The 
hypothesis was that the inorganic component would be more 
mobile or may have been accreted later in life to strengthen 
the structure and the material would not be time specific, 
whereas the organic material (collagen) would be a con- 
served organic structure representing carbon uptake at the 
time of formation for that part of the vertebra (Andrews et 
al., 2011b). However, because the principle inorganic com- 
ponent (hydroxyapatite [Ca,.(PO,),(OH),]) does not contain 
carbon, there should be no difference between treated and 
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Figure 10.4 Example of an aged vertebrae section from a sand 
tiger shark (Carcharias taurus) showing the corpus 
calcareum (CC) of a 9-year-old shark. (A) The initial 
section, prior to extraction with the micromill, pro- 
vides the band pair counts (white dots on left) and 
birth mark (X) along with the region of the section to 
be removed delineated with pencil lines (right side). 
(B) Post-extraction on the right side provides a visual 
alignment with the initial section image shown in 
(A), with the small blocks ready for removal after the 
micromill traced out the age-specific sample areas. 
Denoted are ages 1, 3, 5, 7, and 9 years, which were 
later analyzed for '4C in Passerotti et al. (2014). Within 
this sample series was a record of “C from 1957 to 
1965, a diagnostic period for the region of study. 


untreated samples. A preliminary test between such sam- 
ples, however, revealed there may be an effect (Kerr et al., 
2006). The samples were not true replicates but a split of the 
extracted block from the same region of the vertebrae. No 
further work has been performed in this regard, except that 
the liberation of CO, from vertebral material as a result of 
acidification was too low to acquire measurable 'C levels (S. 
Campana, University of Iceland, pers. comm.), providing an 
indication that the carbonate component is negligible. 

The primary approach used is to extract small samples 
from whole vertebrae and submit them for combustion AMS 
analysis, where carbon is released from the matrix as CO). 
No results from other species have shown problems that could 
be attributed to some level of isotopic fractionation between 
materials, but the uncertainty warrants further investigation. 
Hence, frontier science using laser ablation AMS on carbon- 
ates may lead to developing a better way to analyze vertebrae 
in an extraction process that is a continuous flow of CO, to 
the AMS, as opposed to a series of separate samples and the 
multistep graphitization process (Welte et al., 2016). 


10.2.2.4.5 Analysis 


The standards and methods associated with the determi- 
nation of '*C measurements from AMS analyses is beyond 
the scope of this chapter and is described in detail else- 
where (e.g., Stuiver and Polach, 1977; Passerotti et al., 
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2014). Pertinent to this discussion is the use of appropriate 
reference records and how to correlate the “C values with 
time using the “C references. Typically, the measured “C 
value is given a year of formation (YOF) based on a tem- 
poral alignment. Radiocarbon values are typically reported 
as DC, which is a time-corrected value, but use of F'*C 
is increasing in age validation of fishes because there is 
no need to correct for differences in time relative to 1950 
(Reimer et al., 2004). Regardless of the system used, care 
must be taken when assigning the YOF to the samples. In 
some cases, it is simply a plot of measured '*C value relative 
to the YOF from the assigned age based on band counting. 
This is typically the initial scenario because the aim is to 
validate an age reading protocol. 

Reconstruction of C sample chronologies is nuanced 
and must account for regional variations in the dispersal of 
atmospheric “C, which will affect results, reinforcing the 
need for a proximate reference chronology. Current patterns, 
upwelling, and other waterbody characteristics are also 
issues that must be considered when analyzing results. Any 
source of depleted C introduced via factors such as migra- 
tory patterns, depth profiles, and corresponding variations in 
diet of the study species can cause “C values to vary widely. 
Likewise, any ontogenetic changes to these influences will 
add variation to the “C chronology. In cases where the 
expected relationship of the sample chronology to the refer- 
ence is unknown (i.e., potential phase lag and attenuation), 
considerations must be given to the uptake carbon sources 
for the species throughout time. In some instances, the por- 
beagle reference from Campana et al. (2002) has been used 
as a rough proxy for what the “C reference may look like for 
the species in question (Ardizzone et al., 2006; Francis et al., 
2007; Kerr et al., 2006). Hence, the uncertainty between a 
timely “C rise (rapid rise documented from regional carbon- 
ate records, such as hermatypic coral, from the mixed layer) 
and an attenuated and possibly phase-lagged record must 
be considered and may lead to undesirable age uncertainty 
(e.g., Andrews and Kerr, 2015). The experimental design 
is important in minimizing these uncertainties and should 
include the incorporation of multiple specimens with well- 
constrained ages. However, it is likely that there will always 
be some necessary assumptions that will lead to low-reso- 
lution constraints on age, as opposed to the more desirable 
validated age with high precision that is typical of teleost 
fish studies (e.g., Andrews et al., 2016). 


10.2.2.4.6 Limitations Associated with 
Bomb Radiocarbon Dating 


Although bomb radiocarbon dating is a powerful age valida- 
tion tool and can establish previously unknown estimates of 
longevity, there are limits to its applicability. In most cases, 
locating temporally appropriate archival vertebrae can be 
very difficult or nearly impossible, especially for species 
that were not historically subject to large-scale fishery or 
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management activity. In some cases, finding one or two ver- 
tebrae collected during the informative period is considered 
fortunate, much less multiple vertebrae from a range of ages 
and locations for each species. In this regard, it is the time- 
specific rising “C signal (late 1950s to perhaps early 1970s, 
at the latest) that places the greatest limit on a study of this 
kind. In some studies of tropical teleost fishes, the declining 
'4C signal has provided an opportunity to validate the age of 
younger and more recently collected fish (e.g., bluespine uni- 
cornfish, Naso unicornis) (Andrews et al., 2016). In contrast, 
carbon sources to the otolith of teleost fishes are from DIC 
and are more time related than that of vertebrae formed from 
dietary sources. Hence, it is likely that the decline period— 
typically a lower slope and post-1980 in the tropics—would 
not be a clean signal in the vertebrae due to a formational 
and trophic level mixing of the "C signal. Some studies pro- 
vide some evidence for this complication, but there may be 
other temporal constraints that could provide estimates of 
age (e.g., hawksbill sea turtle, Eretmochelys imbricata) (Van 
Houtan et al., 2016). 

In terms of cost, use of organic sample combustion for 
AMS analysis at dedicated laboratories can run into the hun- 
dreds of dollars per sample (arrangements vary throughout 
the world), which does not include the time and expense for 
specimen collection, growth band milling, and the prepara- 
tion and shipment of the samples for processing (NOSAMS, 
2018). Given the number of samples typically necessary for 
an informative study, use of bomb radiocarbon dating can 
become cost prohibitive. 


10.3 AGEING STRUCTURES 


10.3.1 Vertebral Centra 

By far the most common structure used in estimating elas- 
mobranch age is the vertebral centrum. Ages for many 
species have been successfully determined using vertebral 
band pair counts, as confirmed with chemical and/or bomb 
carbon validation (for comprehensive discussions of these 
studies, see Cailliet, 2015; Harry, 2017). Annual band pair 
periodicity has been confirmed for some species such as the 
tiger shark (Galeocerdo cuvier) and North Atlantic popula- 
tions of shortfin mako and porbeagle (Ardizzone et al., 2006; 
Campana et al., 2002; Kneebone et al., 2008). Some species 
change from a predictable periodicity to a nonpredictable 
periodicity such as the common thresher, white, and sand 
tiger sharks (Natanson et al., 2015; Passerotti et al., 2014), 
whereas in the Pacific angel shark (Squatina californica) no 
relationship has been found between band pair deposition 
and time (Natanson and Cailliet, 1990). Additionally, band 
pair deposition among populations of the same species has 
been shown to differ (Campana et al., 2002; Francis et al., 
2007; Natanson et al., 2002). All of these results support the 
oft-repeated call for validation (Beamish and McFarlane, 
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1983). Numerous guides to vertebral preparation, age read- 
ing, and data analysis have been produced over the years 
(e.g., Cailliet and Goldman, 2004; Goldman et al., 2012), 
and the basic processing and analysis methods have not var- 
ied significantly over time. Thus, we limit the remainder of 
discussion of centra to new findings that have called the use 
of this structure into question. 


10.3.1.1 Validation of Vertebral Centra 


Recent improvements to validation methodologies are call- 
ing into question ages derived from vertebral band counts 
(see Section 10.2.2.2); however, the concept of validation for 
each structure and species through ontogeny has been well 
known (Beamish and McFarlane, 1983). The need for vali- 
dation in elasmobranchs was directly demonstrated in the 
early 1990s when two OTC validation studies showed that 
Pacific angel sharks and several wobbegong (Orectolobus 
spp.) species deposited band pairs relative to somatic growth 
rather than time, thus confirming that band pairs were not 
always related to age (Natanson and Cailliet, 1990; Tanaka, 
1990). Further studies on a variety of species, including the 
gummy shark (Mustelus antarcticus), school shark, and 
basking shark (Cetorhinus maximus), have shown the rela- 
tionship of band pairs to somatic growth rather than time 
(Chidlow et al., 2007; Huveneers et al., 2013; Natanson et 
al., 2008; Officer et al., 1996). In other species, a shift of the 
bomb MC results in time to match the reference chronology 
using bomb radiocarbon validation revealed underestima- 
tion of age for large adults (Andrews et al., 2011b; Francis et 
al., 2007; Natanson et al., 2014; Passerotti et al., 2014). 


10.3.1.2 Limitations Associated with 
Vertebral Age Estimation 


Several well-conducted studies with validation have shown 
annual band pair deposition in elasmobranch species, but 
others have shown discontinuous or non-time-related depo- 
sition rates. Research on a variety of species has shown that 
band pair counts vary along the vertebral column (Chidlow 
et al., 2007; Huveneers et al., 2013; Natanson and Cailliet, 
1990; Natanson et al., 2008; Officer et al., 1996; Tribuzio 
et al., 2018). If these differences are real—not due to read- 
ing error or difficultly in reading sections from head or tail 
centra—then it begs the question of which of the band pair 
counts are annual, if any? New research suggests that the 
band pairs may be related to the structure of the vertebral 
column and the growth in girth rather than age (Natanson, 
et al., in press). If band pairs are linked to structural sup- 
port and body girth, which changes along the column and 
through ontogeny, then growth bands would be deposited 
relative to their function and may only coincide in relation 
to time; although this can achieve the same result, it must 
be kept in mind that the deposition will change with growth 
rate and thus the deposition rate will change (Natanson et 
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al., in press). Results of some bomb C studies appear to 
corroborate the change in band pair deposition rate with 
ontogeny. Given these caveats, the further use of vertebral 
band pair counts for age determination is questionable and 
must be undertaken with diligence. Additionally, research- 
ers in age determination need to explore other nonstructural 
hard parts together with novel age estimation and validation 
techniques, as well as the processes of band pair formation 
in all structures. 


10.3.2 Dorsal Spines 


The use of fin spines in age estimation of sharks has not 
been well explored in past reviews of age reading methods. 
Because not all elasmobranchs have dorsal spines, these 
studies are limited to species in the orders Squaliformes, 
Heterodontiformes, and Chimaeriformes. In spine-bearing 
species, such as the family Squalidae (Common name dog- 
fishes), the spines are often the only hard part that can be 
used for band pair counting because vertebral centra are 
poorly calcified (Holden and Meadows, 1962; Kaganovskaia, 
1933; Ketchen, 1975). In cases where both vertebrae and 
spines are suitable for age reading, the use of spines offers 
a unique ability to corroborate counts in both structures. 
Given the emphasis of this chapter on alternative structures 
and methods for age reading, it is important to expand on the 
use of spines to age these poorly understood species. Here, 
we use standardized terminology for fin spine age reading 
(Clarke and Irvine, 2006). In spiny dogfish (Squalus acan- 
thias, S. suckleyi), the second dorsal spine is used most often 
for age determination because the spine is generally wider 
and has more evenly spaced bands, and there is usually less 
wear (loss of the tip from abrasion) than in the first dorsal 
spine (Holden and Meadows, 1962; Ketchen, 1975). Other 
species of spine-bearing families also have poorly calcified 
vertebral centra, so spine studies have expanded to include 
species of chimera, such as Centrophorus, Centroselachus, 
and Etmopterus (Barnett, 2008; Calis et al., 2005; Freer and 
Griffiths, 1993; Irvine et al., 2006a,b; Tanaka, 1990). 


10.3.2.1_ Dorsal Spine Methodology 


Methods used for the examination of band pairs in spines 
vary based on species because of structural differences, 
and either whole spines or sections (cross or longitudinal) 
are used. Whole spines can be wet sanded and polished 
to enhance viewing of band pairs (Campana et al., 2009; 
Tribuzio et al., 2016). In holocephalans, cross-sectioning 
the spine must be done with care to ensure that the sections 
encompass the most informative areas of the spine (i.e., where 
band pairs are most numerous due to differences in growth 
of internal and external bands). Sullivan (1977) showed that 
band pairs in the elephant fish (Callorhinchus milii) form 
on the innermost area of the spine; thus, the upper portion 
(10 mm from the tip) of the spine would contain the most 
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band pairs, and they are thought to be a complete life history 
record. Other studies have refined these regions, and new 
studies must include a determination of the best place for 
cross-sectioning based on the species being aged (Barnett, 
2008; Calis et al., 2005). 


10.3.2.2 Validation of Dorsal Spines 


Traditional methods of age validation are difficult or impos- 
sible to perform on spines of many of these species—par- 
ticularly those that inhabit the deep sea—and it has been 
suggested that alternative methods should be investigated 
(Barnett, 2008; Irvine et al., 2006a,b). Validation of annual 
band pair periodicity for spines has been accomplished for 
the spiny dogfish using both OTC injection and bomb MC 
methodologies (Beamish and McFarlane, 1983; Campana 
et al., 2006; McFarlane and King, 2006). Barnett (2008) 
attempted to use OTC injection on the spotted ratfish 
(Hydrolagus colliei), but there was no detectible uptake of 
the chemical into the spine. Additionally, it was not possible 
to section at the same point on each spine relative to growth 
zones due to individual variation, thus eliminating any kind 
of edge analysis such as MIA (Barnett, 2008). The problem is 
that the direction of growth in spines is analogous to stacked 
cones, where the period of formation varies as the location 
of the section changes along the growth axis. Radiometric 
dating—methods that rely on the decay of radioactive ele- 
ments such as lead or radium—are not applicable due to the 
organic composition of the spine itself which leads to too 
many potential violations of the necessary uptake and struc- 
tural conservation assumptions (Cotton et al., 2014). Spines 
are not expected to be a closed system for these radionu- 
clides (e.g., radium-226), and constant uptake is unlikely. In 
addition, exogenous lead-210 was found to be high and too 
variable for lead-210 dating (a form of lead—radium dating) 
(Cotton et al., 2014). Given these difficulties, OTC and bomb 
'4C seem the most viable options for validating the annual 
periodicity in spines, but other methods should continue to 
be sought for these poorly understood elasmobranchs. In 
species other than the spiny dogfish, where spine ages have 
been validated and vertebral ages have not, care needs to be 
taken in selecting the most appropriate structure to obtain 
age estimates. Additionally, validation studies are necessary 
to determine whether internal or external spine counts are 
more accurate. 


10.3.2.3 Limitations Associated with 
Dorsal Spine Age Estimation 


Beyond the fact that most sharks lack fin spines, there are 
additional caveats to their use as primary age reading struc- 
tures. These include loss of material due to fin spine wear 
and differences between internal and external band pair 
counts. Studies on a variety of species show that external 
spines wear away over time, leading to a loss of band pairs 
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and necessitating correction factors that may or may not be 
accurate (Ketchen, 1975; Sullivan, 1977). Additional stud- 
ies have compared internal and external band counts and 
demonstrated lower band counts internally vs. externally, 
as well as suggesting that internal and external bands are 
independent and differ in method of formation (Irvine et 
al., 2006a,b). Recent improvements in vertebral band pair 
enhancement techniques have allowed researchers to com- 
pare band pair deposition between spines and vertebral 
centra (Bubley et al., 2012; Tribuzio et al., 2018). Bubley 
et al. (2012) used both structures to age the spiny dogfish 
(Squalus acanthias) in the Gulf of Maine region of the west- 
ern North Atlantic (WNA) and found that vertebrae were 
more consistent and provided more biologically realistic age 
estimates than fin spines. In contrast, Campana et al. (2006) 
validated age in spiny dogfish (S. acanthias) spines from the 
Canadian region of the WNA using bomb radiocarbon and 
determined that the fin spine estimates were annual up to at 
least 25 years. Further, a study comparing the two structures 
on spiny dogfish (S. suckleyi) in the Pacific Ocean found 
fewer band pairs present in the centra (Tribuzio et al., 2016), 
indicating that vertebral counts underestimated age, which 
was supported by validated fin spine ages up to 52 years 
using bomb radiocarbon dating (Figure 10.5) (Campana et 
al., 2006). Tribuzio et al. (2016) also noticed a difference in 
band pair count along the vertebral column and suggested 
that, because spines had been validated with bomb *C and 
did not agree with the centra estimates, the latter was not 
an appropriate substitute for spines. The inconsistent results 
between studies species and locations make it difficult to 
draw broad conclusions on these structures. Although the 
lack of spines in most species is limiting and there are unre- 
solved issue with this structure, spine age estimation should 
not be dismissed as a promising tool. 


10.3.3 Caudal Thorns 


Although the growth of placoid scales is not unlimited (Meyer 
and Seegers, 2012), a derivative structure, the caudal thorn, 
has been used as a novel approach to age determination in an 
attempt to better understand batoid life history (Cailliet and 
Goldman, 2004). In general, thorns are found in a number of 
batoids of the order Rajiformes and in some families in the 
order Rhinopristiformes (Ebert and Stehmann, 2013; Last 
et al., 2016). Thorns can be broadly categorized into alar 
(paired patches of thorns on the outer disc of most mature 
male skates), malar (patches of thorns beside the eyes of 
many mature male skates), and generalized or caudal thorns 
(along the back and over the vertebral column) (Meyer and 
Seegers, 2012). Of the three thorn types, only caudal thorns 
can be used for age estimation. Caudal thorns have a curved, 
pyramidal shape with a basal plate, a middle section called 
the peduncle, and the apex or crown (Kemp, 1999). Bands 
were shown to form in a stacked fashion under the proto- 
thorn, where the base of each successive band becomes an 
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(A) (B) 


LRP 


Spine age = 18 annuli - 2 in. 
utero = 16 years 
Centrum age = 16 annuli = 16 years 


2mm 


(C) (D) 


1mm 


Spine age = 21 annuli - 2 in 
utero = 19 years 
Centrum age = 10 annuli = 10 years 


2mm 


Figure 10.5 Comparison of the spine and vertebral methods of 
ageing on the same specimen of a spiny dogfish 
(Squalus suckleyi), highlighting the different band 
pair counts between the two structures. (Photographs 
courtesy of Cindy Tribuzio.) 


external ridge (Figure 10.6). Hence, the most internal band 
is the most recent (Gallagher, 2000; Gallagher et al., 2002). 
Gallagher and Nolan (1999) were the first to report the suit- 
ability of thorns for age estimation in four Bathyraja species 
and to date at least 24 studies have used caudal thorns, most 
of them in conjunction with age estimation from vertebrae 
and various methods were successful (Table 10.1). Thorns 
have a number of advantages over vertebral centra in their 
potential use as an ageing tool; for example, thorns are easier 
to collect in the field and require less storage space (Matta 
and Gunderson, 2007). The major novel aspect of thorns is 
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Caudal thorn tip 


Protothorn —> 


Figure 10.6 Image of a whole caudal thorn from a sandpaper 


skate (Bathraja kincaidii) showing the alternating 
Opaque and translucent bands below the protothorn 
and tip. Inset is a top view of a smaller thorn reveal- 
ing another way to see the growth bands. Despite the 
promising appearance of the thorns for ageing this 
species, the counts from vertebral sections indicated 
that age may be underestimated using thorns (Perez 
et al., 2011). (Photographs courtesy of Colleena 
Perez-Brazen.) 


the presumed nonlethal acquisition of the material and that 
extraction does not decrease the commercial value of the 
specimen (Moura et al., 2007). In addition, thorns can be 
removed at tagging and recapture for age validation or when 
information is required for depleted stocks (Gallagher et al., 
2006). The potential short- and long-term effects of thorn 
removal, however, should be studied in more detail (Matta 
and Gunderson, 2007). 


10.3.3.1_ Caudal Thorn Methodology 


Most thorn preparations start by using trypsin for clean- 
ing purposes with varying concentrations and soak times 
(Gallagher and Nolan, 1999). Additionally, brushes, scal- 
pels, forceps, etc. have been used to remove tissue from the 
caudal thorns (Ebert et al., 2007; Francis and Maolagain, 
2005; James, 2011); cleaned structures have been stored dry 
or in solution (Henderson et al., 2004; Gallagher et al., 2006; 
Moura et al., 2007). Methods to enhance the resolution of the 
banding pattern include etching in ethylenediaminetetraace- 
tic acid (EDTA) in combination with silver nitrate stain- 
ing, crystal violet staining, or x-radiography (Ebert et al., 
2007; Francis and Maolagain, 2001; Gallagher and Nolan, 
1999; Henderson et al., 2004). Caudal thorn band pairs are 
counted under a dissecting scope, viewing the thorn from 
below the base of the protothorn (embryonic thorn), which 
is situated at the apex of the thorn (Gallagher and Nolan, 
1999). The protothorn base is considered the birthmark 


188 SHARK RESEARCH: EMERGING TECHNOLOGIES AND APPLICATIONS FOR THE FIELD AND LABORATORY 
Table 10.1 Summary of Thorn Ageing Studies to Date 
Suitability 
Common of Thorn Edge 
Species Name Vertebrae Method Problem Analysis Validation Refs. 
Order Rajiformes, Family Rajidae, Subfamily Rajinae 
Genus Raja 
R. clavata Thornback ray Xx U Faint, variable —_ = Gallagher (2000) 
band pattern 
X Ss Some thorns not X = Serra-Pereira et al. 
suitable (2008) 
X Ss Some thorns not _ _ Serra-Pereira et al. 
suitable (2005) 
R. stellulata Starry skate Xx U No band pattern _ _ James et al. (2014) 
_ U No band pattern — _— James (2011) 
R. undulata Undulate ray x Ss Some thorns not _ _ Moura et al. (2007) 
suitable 
R. montagui Spotted ray X U No band pattern _— _— Gallagher (2000) 
R. brachyura Blonde ray X U No band pattern _ —_ Gallagher (2000) 
Genus Leucoraja 
L. naevus Cuckoo ray Xx U No band pattern —_ = Gallagher (2000) 
Genus Amblyraja 
A. georgiana Antarctic skate X Ss First band difficult; _— _ Francis and Maolagain 
OC (2001) 
X iS) First band difficult; _ _— Francis and Maolagain 
poor precision (2005) 
_— Ss Novel counting = = Francis and Gallagher 
method (2009) 
A. radiata Thorny skate xX Ss Slight OC — _ Gallagher et al. (2006) 
Subfamily Arhynchobatinae 
Genus Bathyraja 
B.albomaculata — White-spotted X Ss OC X = Gallagher and Nolan 
skate (1999) 
_ iS) _ X xa Gallagher (2000); 
Henderson et al. 
(2004) 
B. aleutica Aleutian skate Xx Ss Poor precision; OC — _— Ebert et al. (2007) 
B. brachyurops Broadnose x Ss OC males xX xe Gallagher and Nolan 
skate (1999) 
_ Ss _ Xx Xa Gallagher (2000) 
X Ss = = x? Gallagher et al. (2002) 
_ Ss _ — xa Gallagher et al. (2005) 
B. eatonii Eaton's skate X Ss First band difficult = = Francis and Maolagain 
(2001) 
B. griseocauda Graytail skate X Ss OC males X x? Gallagher and Nolan 
(1999) 
_ Ss _ Xx xa Gallagher (2000) 
B. interrupta Bering skate Xx U UC; inconstistent — = Ainsley (2009) 
band pattern 
X Ss oc _— _ Ebert et al. (2007) 
B. kincaidii Sandpaper Xx U UC and OC; poor — _— Perez et al. (2011) 
skate precision 
B. lindbergi Commander X U UC _— _— Maurer (2009) 
skate x s UC — _ Ebert et al. (2009) 
B. maculata Whiteblotched X U UC _— — Maurer (2009) 
skate x s UC — — Ebert et al. (2009) 
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Suitability 
Common of Thorn Edge 

Species Name Vertebrae Method Problem Analysis Validation Refs. 
Genus Bathyraja (continued) 
B. minispinosa Whitebrow Xx U UC _ _ Ainsley et al. (2011) 

skate Xx U UC _ —_ Ebert et al. (2009) 
B. parmifera Alaska skate X Ss _— X — Matta and Gunderson 

(2007) 

B. scaphiops Cuphead X Ss OC X x? Gallagher and Nolan 

skate (1999) 

_ Ss _ x xa Gallagher (2000) 

B. taranetzi Mud skate Xx Ss _— _ _ Ebert et al. (2009) 
B. trachura Roughtail X U Poor precision; _ —_— Davis et al. (2007) 

skate variable band 

pattern; UC 
x U Poor precision; UC _ _ Winton (2011) 

Genus Atlantoraja 
A. castelnaui Spotback _ _ No ageing but _ _ Rangel et al. (2016) 

skate bands visible 
A. cyclophora Eyespot skate —_ —_ No ageing but _ a Rangel et al. (2016) 

bands visible 


Note: X, the technique was used; S, the method was suitable; U, the method was unsuitable; UC, undercounting; OC, overcounting. 
2 Annual periodiciy assumed based on OTC validation of one specimen of a similar species. 


(Figure 10.6), which has been confirmed for two species 
by examination of thorns from hatchling skates (Gallagher 
et al., 2006; Henderson et al., 2004). Band pair definitions 
range from concentric ridges separated by an associated 
broad growth zone on the surface of the thorn (Ebert et al., 
2007; Gallagher et al., 2006) to the traditional vertebral 
translucent and opaque band pair (Matta and Gunderson, 
2007; Serra-Pereira et al., 2008). In the latter case, a band 
pair has been defined as a translucent band with a ridge-like 
appearance, extending around the thorn and accompanied 
by an opaque band (Matta and Gunderson, 2007). 


10.3.3.2 Validation of Caudal Thorns 


Although several studies have used edge analysis in an attempt 
to validate thorn band periodicity, some were hampered by 
low sample size or the availability of sufficient samples from 
across the year. Few studies have successfully determined 
thorn band periodicity (Table 10.1) (Matta and Gunderson, 
2007; Serra-Pereira et al., 2008). Data on thorn ageing have 
proven variable, ranging from presumably annual patterns to 
no pattern. Edge analysis and the OTC position on the cen- 
tra of one recaptured Bathyraja spp. individual indicated that 
the narrow ridge formation occurs during the slower growth 
phase in caudal thorns (Gallagher and Nolan, 1999). Further 
research showed that “broad surface bands formed annually 
during periods of rapid somatic growth” and surface ridges 
represented a “near stasis in somatic growth formed at the 
periphery of each cone” (Gallagher et al., 2002, 2005). In 


contrast, no banding pattern was observed on three Irish 
skate species (Gallagher, 2000), which was attributed to the 
fact that somatic growth cessation, which causes the surface 
ridges, is more pronounced in slower growing, deepwater 
species (Gallagher et al., 2005). 


10.3.3.3 Limitations Associated with 
Caudal Thorn Age Estimation 


Thorns present challenges similar to those encountered with 
other hard structures, including variation (sometimes non- 
linear) with body size, position on the body, and time of for- 
mation relative to birth. Additional challenges come from 
resolution of banding patterns in such small, fine structures 
and the need for validation. Certain thorns are not suitable 
for age estimation despite high count agreement and preci- 
sion between age readers (Moura et al., 2007; Serra-Pereira 
et al., 2005). Additionally, the cellular development of the 
different thorn types has been shown to be asynchronous, 
and the appearance of caudal thorns from different caudal 
regions vary according to specimen size; thus, there is a need 
to verify the adequacy of the different thorn types as age 
reading structures (Moura et al., 2007). Few studies investi- 
gated if the thorn was present at the time of hatching (Moura 
et al., 2007) or explicitly state this assumption, together with 
the assumption that they are not replaced during the lifespan 
(Ebert et al., 2009; Maurer, 2009). Furthermore, allowance 
should be made for the possibility of bands being formed 
inside the egg case (Francis and Maolagain, 2001). 
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Some studies have chosen thorns over vertebrae (Serra- 
Pereira et al., 2008), but others have dismissed thorns for age 
estimation (Table 10.1) (Gallagher, 2000; James et al., 2014). 
Both thorns and vertebral centra have been considered 
options in some species (Table 10.1) (Moura et al., 2007). 
Variation has also been seen in the count precision of thorns 
and vertebral centra, with some studies showing similar pre- 
cision (Francis and Maolagain, 2001; Gallagher and Nolan, 
1999; Matta and Gunderson, 2007) and some showing 
higher precision for thorns (Gallagher et al., 2006; Moura et 
al., 2007) depending on species (Table 10.1). Although other 
studies reported poor count precision for thorns (Davis et 
al., 2007; Francis and Maolagain, 2005; Perez et al., 2011), 
others reported overcounting in thorns when compared to 
vertebrae, but in most cases this was attributed to a possible 
undercounting of vertebra (Ebert et al., 2007; Francis and 
Maolagain, 2001; Gallagher and Nolan, 1999). Other studies 
report undercounting, but, irrespective of age, reading preci- 
sion and verification are necessary for proper validation of 
estimates from either structure. 

There can also be uncertainty within the same species 
depending on the study. For example, Ebert et al. (2007) 
did not rule out the possibility of thorn use for reliable age 
reading in the Bering skate (Bathyraja interrupta), but later 
Ainsley (2009) reported that using thorns did not appear 
to be reliable. Similarly, Gallagher (2000) was unsuccess- 
ful with estimating age by finding faint and variable thorn 
band patterns for the Irish thornback ray (Raja clavata); yet, 
Serra-Pereira et al. (2008) were successful using thorns in 
the same species from Portugal (Table 10.1). All of these 
limitations vary within and between species, suggesting that 
caution should be used when initiating thorn sampling on a 
new species. 

Additional issues with thorn use concern the relation- 
ship of the thorn dimensions and batoid dimensions, as some 
studies reported nonlinear relationships (Ebert et al., 2007, 
2009; Matta and Gunderson, 2007). Others have shown that 
thorn growth may not be related to somatic growth (Perez 
et al., 2011), that it slows in relation to somatic growth 
(Gallagher et al., 2005), and that thorns are subject to wear 
and tear that would affect the banding pattern (Ainsley et al., 
2011; Maurer, 2009). 

Band pair counting challenges and subjectivity issues 
are the same as in any hard structure and include deciding 
where to begin counting, determining criteria for band pairs, 
and encountering wear-related or split bands and poor thorn 
surface sculpture (Francis and Gallagher, 2009; Francis 
and Maolagain, 2001, 2005; Gallagher and Nolan, 1999; 
Gallagher et al., 2002, 2005). 

There is clearly a need for more validation studies, both 
in the laboratory and field. Identifying cues for thorn band 
formation, especially when there are regional differences, 
seasonal variation in stable isotope composition, and cellu- 
lar structure changes with different somatic growth stages, 
as well as the analysis of banding structure using histology, 
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electron microscopy, laser ablation, electron microprobe, 
and x-ray analysis in conjunction with captive rearing trials, 
are all methods that could be explored on thorns (Francis 
and Gallagher, 2009; Gallagher et al., 2006). Together with 
bomb radiocarbon dating—successfully applied to skate 
vertebrae by McPhie and Campana (2009)—and _ near- 
infrared spectroscopy, as discussed elsewhere in this book 
(see Chapter 11), using thorns for age estimation of batoids 
should be explored further and effective use of the structure 
tested on a species-by-species basis. 


10.3.4 Other Structures 


The possibilities of using other cartilaginous structures for 
age determination in elasmobranchs has been explored to 
a limited degree. Many structures have been shown to be 
calcified, and some—including the jaws, neural and hae- 
mal arches, and pectoral and pelvic girdles—have been 
examined as possible structures for age estimation that may 
warrant further exploration (e.g., Campbell, 2010; Clement, 
1992; McFarlane et al., 2002; Tanaka, 1990). 


10.3.4.1 Other Structure Methodology 


Tanaka (1990) examined band pairs in the jaw, teeth, 
and pelvic and pectoral girdles of the Japanese wob- 
begong (Orectolobus japonicas) and the swell shark 
(Cephaloscyllium umbratile). Three clear growth bands were 
found in the upper jaw of one wobbegong, and although OTC 
was at the edge of some of the other structures no non-ver- 
tebral band pairs were found in the swell shark or Japanese 
wobbegong samples. More recently, neural arches were 
examined for use in the bluntnose sixgill shark (Hexanchus 
griseus) because vertebral centra are poorly calcified and 
unsuitable for age reading (Campbell, 2010; McFarlane et 
al., 2002). Neural arches were sectioned dorsoventrally and 
then stained with silver nitrate to examine calcium deposits 
(McFarlane et al., 2002). Distinct band pairs were visible at 
regular intervals and band pairs increased with the size of 
the shark, making this a promising method for age estima- 
tion of this species and possibly for others with poorly calci- 
fied centra (McFarlane et al., 2002). The pectoral girdle and 
mesopterygia (the middle of three principal basal fins carti- 
lages) of the bluntnose sixgill were also examined using sec- 
tions and stains, as well as an elemental analysis (Campbell, 
2010). Although these techniques provided limited success, 
some banding was observed, indicating that future work is 
warranted (Campbell, 2010). 


10.3.4.2 Validation of Other Structures 


To date, validation has not been performed on alternative 
structures and would be required before adopting these 
structures for age reading (Campbell, 2010; McFarlane et 
al., 2002). 
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10.3.4.3 Limitations Associated with Age 
Estimation in Other Structures 


One of the primary problems with the other structures 
reviewed here is that the pattern of calcification differs from 
that of the vertebral centra. Much of the calcified tissue in an 
elasmobranch is mineralized in a mosaic pattern, as opposed 
to the periodic mineralization unique to the vertebral col- 
umn (Clement, 1992; Dean and Summers, 2006). Hence, the 
mosaic pattern is unlikely to be suitable for observing periodic 
growth in the form of a band. However, as noted in the previ- 
ous sections, in some cases banding has been observed to a 
degree, and developing methods of elucidating the band pairs 
with validation of the periodicity is warranted. Investigations 
into the use of alternative ageing structures should be inten- 
sified considering the increased information indicating that 
vertebral-based ages are unreliable in some species. 


10.4 NON-BAND-PAIR-DEPENDENT METHODS 


Several techniques are available to obtain age estimates for 
elasmobranchs without the use of hard parts, many of which 
have been used as verification tools. As hard part analysis 
becomes more questionable, reliance on these independent 
methods may increase, warranting re-examination and 
improvement upon current methods. 

10.4.1 Tag—Recapture 

Tag—recapture methods have been successfully used to 
generate growth parameters for a variety of shark species, 
including the sandbar shark (Carcharhinus plumbeus), dusky 


shark (C. obscurus), and porbeagle (Lamna nasus) (Figure 
10.7) (Casey and Natanson, 1992; Dureuil and Worm, 2015; 
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Figure 10.7 Example of a tag and recapture growth curve cal- 
culated using the Francis (1988) method (GROTAG). 
Lines are data used to obtain the curve. Age at tag- 
ging is estimated from size based on vertebral growth 
curve, and age at recapture was calculated using 
time at liberty. 


Natanson et al., 2002; Simpfendorfer, 2000). The different 
models are relatively simple to use, and their results can be 
compared to determine which model provides the most bio- 
logically meaningful results. There can be uncertainty about 
which model predicts growth most appropriately due to lim- 
ited and variable data (Dureuil and Worm, 2015). A new 
method for evaluating growth from tag—recapture data was 
developed using a selection procedure to identify the best 
model for the dataset under consideration, thus obtaining the 
most applicable growth parameters for the species (Dureuil 
and Worm, 2015). 

Tag—recapture data can be difficult to obtain. The use 
of tag and recapture data for age estimates requires a large 
investment in time and money. Specimens must be accu- 
rately measured at the time of both tagging and release to be 
useful, and a large number of individuals must be released 
to get adequate returns. Large tagging programs report 
a recapture rate of <5% for over half the species tagged 
(Kohler and Turner, 2001). Using these data, growth esti- 
mates can be generated using a number of methods (Dureuil 
and Worm, 2015; Fabens, 1965; Francis, 1988; Gulland and 
Holt, 1959; James, 1991; Simpfendorfer, 2000; Wang, 1998). 
In conjunction with chemical marking, validation of verte- 
bral centra can also be accomplished using tag—recapture 
data. Several species have been successfully validated using 
this technique (e.g., Kinney et al., 2016; Natanson et al., 
2002, 2006; Officer et al., 1997; Pierce and Bennett, 2009; 
Wells et al., 2013). 


10.4.2 Laboratory Growth and Captive Rearing 


Laboratory growth and captive rearing can provide direct 
estimates of growth and growth rate, and in conjunction with 
chemical marking can provide validation of band pair peri- 
odicity. Typically, animals are measured at the beginning 
and end of the study period and sometimes at intervals in 
between. Often, captive rearing takes place at public aquaria 
where the primary goal is display and the secondary goal 
is research. In these cases, the environmental parameters 
follow protocols for maintaining optimal animal health. In 
an experimental laboratory rearing situation, care should be 
taken to mimic natural conditions, if possible, and to avoid 
unknown effects of uncontrolled environmental parameters 
on growth. In addition, it must be considered that captivity 
itself may affect individual growth. 

Laboratory growth studies using OTC have been used in 
several cases to obtain information on band pair periodic- 
ity and the causes for deposition. Branstetter (1987) deter- 
mined annual band pair periodicity using this technique on 
juvenile Atlantic sharpnose sharks (Rhizoprionodon ter- 
raenovae), sandbar sharks (Carcharhinus plumbeus), and 
blacktip sharks (Carcharhinus limbatus). Tanaka (1990) 
found mixed results in the Japanese wobbegong, suggesting 
that band pair deposition had a stronger relationship to cen- 
trum growth, as was discovered for the Pacific angel shark 
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(Natanson and Cailliet, 1990). Natanson (1993) found that 
two ovulating female little skates did not deposit annual 
band pairs and suggested this was due to reproductive activ- 
ity; however, using lab rearing and OTC, it has been found 
that large specimens of both sexes stop depositing annual 
band pairs (K.C. James, pers. comm.). Experiments to alter 
band pair periodicity using temperature and salinity vari- 
ables failed to change band pair deposition in the little skate 
(Natanson, 1993; Sagarese and Frisk, 2010). Although care 
needs to be taken in applying results from captive rearing to 
wild growth, this kind of study can provide useful informa- 
tion as tools for verification and validation of elasmobranch 
age and growth. 


10.4.3 Length-Frequency Analyses 


Length—frequency or size mode analyses are often used to 
verify ages obtained from band pair counting in vertebral 
centra or recapture data (Bishop et al., 2006; Natanson et al., 
2002; Pratt and Casey, 1983; Wells et al., 2016). The method 
has been used with varying success and is best suited for 
juvenile sharks because age modes or classes become indis- 
tinguishable due to decreased growth rate of older animals as 
they approach maximum size (Figure 10.8). Computer pro- 
grams, however, can assist with identifying all modes in an 
unbiased manner to provide growth curve estimates (Bishop 
et al., 2006; Natanson et al., 2002; Wells et al., 2016), which 
can then be used to verify those obtained from other meth- 
ods. Recent studies on teleosts have highlighted concerns 
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with using length-frequency models to assign age without 
validation of age at size. Deepwater redfish (Sebastes men- 
tella), Acadian redfish (S. fasciatus), and bluespine unicorn- 
fish (Naso unicornis) all display growth that is decoupled 
from age as determined by bomb C validation (Andrews et 
al., 2016; Campana et al., 2016). Campana et al. (2016) found 
near cessation of growth in both deepwater and Acadian red- 
fish after sexual maturation, resulting in age ranges of 15 to 
50 years for fish of 38-cm length of either species. Andrews 
et al. (2016) found similar challenges with the use of length to 
predict age because bluespine unicornfish exhibit rapid and 
variable early growth, with instances of fish near maximum 
size at 4 years while longevity exceeds 50 years. Similar 
circumstances are likely for elasmobranchs considering the 
recent findings of underestimated longevity for large-bodied 
shark species and other elasmobranchs, such as the sandpa- 
per skate, where fish near maximum length may be ~4 to 20 
years old, and the little skate, which ceases band pair deposi- 
tion over time (Perez et al., 2011; K.C. James, pers. comm.). 


10.5 NEW FRONTIERS IN AGE 
AND GROWTH STUDIES 


Due to the issues associated with band pair deposition high- 
lighted by bomb “C dating and other recent studies, it is 
evident that new age estimation and validation techniques 
must be explored and developed, such as use of alternative 
structures that do not rely on band growth. 
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Figure 10.8 Example of length—frequency modes for juvenile porbeagle (Lamna nasus). 
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10.5.1 Eye Lenses in Age Validation 

The recent use of bomb and pre-bomb radiocarbon dating in 
the eye lens of Greenland sharks (Somniosus microcepha- 
lus) has shown some promise in determining the age of what 
may be a very long-lived species (Nielsen et al., 2016). Use 
of radiocarbon in eye lens proteins is likely a robust measure 
of radiocarbon levels near birth because of a conservation 
of this tissue over time (e.g., George et al., 1999). For the 
Greenland sharks studied, isotopic data indicated maternal 
diet as the primary carbon source for the eye lens nucleus, 
providing an indication that the material was as old as the 
individual. Because Greenland sharks lack calcified tissues, 
no growth-band-derived age estimates were available for 
comparison with radiocarbon results from the eye lens core. 
Most of the lenses revealed radiocarbon levels that could be 
attributed to the pre-bomb period, where C levels decrease 
slowly with time and are not as time specific as bomb “C 
levels due to the atmospheric testing of thermonuclear 
devices in the 1950s and 1960s. Hence, the authors used a 
correlation of C-derived ages to the measured fish lengths 
and made the assumption of a positive size/age relationship 
to derive the record longevity of 392 + 120 years for this spe- 
cies (Nielsen et al., 2016). 

A caveat for a study that uses pre-bomb 'C levels (true 
radiocarbon dating) (Libby, 1955) to age marine organisms 
is that it is necessary to have a proper understanding of the 
carbon sources to the material because '4C levels are affected 
by the age of the carbon sources. Consequently, use of 4C 
dating requires a correction for reservoir age (AR) in marine 
systems to compensate for the age of the environment, along 
with knowledge of natural '4C variations due to biological 
fractionation (Stuiver and Polach, 1977; Stuiver et al., 1986; 
Wanamaker et al., 2008). These unknowns can be estimated 
or measured by proxy using other regional records, but the 
uncertainty and necessary assumptions can lead to a birth 
year range estimate that spans several centuries, including 
modern time (post-1950). Hence, the age of an organism 
that may have been born in the last several hundred years 
typically cannot be defined by the '*C measurement alone. 
Evidence for challenges in this regard can be seen with ver- 
tebral '*C measurements in porbeagle and sand tiger sharks 
(Campana et al., 2002; Passerotti et al., 2014). Each of these 
species exhibits uptake of pre-bomb C levels that could be 
dated to several hundred years BP, but known limitations on 
growth from other observations preclude these potentially 
great ages. Ages approaching and even exceeding 200 years 
have been estimated for cold-water or deepwater teleosts 
(e.g., Andrews et al., 2009; Cailliet et al., 2001), and it is 
important to note that these fish were not necessarily the 
largest, as age was often decoupled from maximum length 
(e.g., yelloweye rockfish, Sebastes ruberrimus) (Andrews et 
al., 2002). Hence, use of growth modeling that assumes that 
fish size is proportional to age to provide further constraints 
on #C age estimates must be considered with caution. 
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Eye lenses may also be useful in another type of age analy- 
sis. Eye lenses are among the first tissues to form during 
embryonic development, and they accrete layers throughout 
the life cycle; the nucleus becomes metabolically inert after 
formation (Bada et al., 1980). Amino acid molecules exist in 
tissues as optical stereoisomers, initially formed as L-isomers 
which then convert to D-isomers at a species-specific rate that 
is constant and a result of the aging process (Helfman and 
Bada, 1975). The conversion rate is dependent on a host of 
external factors, including temperature and pH (Arany and 
Ohtani, 2010), and most accurately approximates aging in 
metabolically stable tissues that have not undergone protein 
synthesis since the time of formation. Thus, measurement 
of the ratio of D- to L-enantiomers of amino acids in eye 
lens nuclei, coupled with the conversion rate constant and 
D/L ratio at birth, can provide an estimate of age. Detection 
of aspartic acid stereoisomers is traditionally carried out 
using either gas chromatography or high-performance liquid 
chromatography (HPLC), but Pleskatch et al. (2016) used 
tandem mass spectrometry (HPLC—MS/MS) on eye lenses 
to evaluate beluga whale (Delphinapterus leucas) age and 
found the method provided better results than traditional gas 
chromatography or HPLC. Use of aspartic acid racemiza- 
tion to estimate age via eye lenses has been demonstrated as 
effective in several types of marine mammals (Garde et al., 
2007, 2010, 2012; George et al., 1999; Nielsen et al., 2013; 
Rosa et al., 2013; Wetzel et al., 2014) and is under investiga- 
tion in Greenland sharks (Nielsen and Nielsen, 2012). This 
is a promising new approach to age estimation in elasmo- 
branchs, but there are limitations to its application. Species- 
specific racemization rate constants must be calculated from 
known-age individuals; hence, the ability for D/L ratios to 
predict age is only as accurate as the calibration curve, and 
there is no actual measure of time. Best-case scenarios for 
future study would involve specimens whose ages are inde- 
pendently verified or validated via another method. Because 
elasmobranch studies tend to be lacking in validated ages, 
this could prove challenging to accomplish. 


10.5.2 Near-Infrared Spectroscopy Technology 


Another relatively new method is the use of near-infrared 
spectroscopy (NIRS) to detect age-related changes in elas- 
mobranch tissues (see Chapter 11 in this volume) via ver- 
tebrae, spines, and fin tissue (Rigby et al., 2014, 2016). It 
is not currently clear, however, what age-related processes 
are being detected by this method. Some evidence suggests 
that changes in elemental composition of centra resulting 
from growth band deposition are the underlying cause of 
the NIRS/age correlation. Thus far in elasmobranchs, the 
relationship ostensibly falls off after ~10 years of age for 
vertebrae (Rigby et al., 2016), which may reflect growth dis- 
continuity or a lack of detectable accretion in older sharks 
(e.g., Passerotti et al., 2014). The relationship, however, was 
good to 25 and 31 years of age for dorsal fin spines from 


194 


two species of spurdogs (Rigby et al., 2014), although ages 
in these spines are currently not validated. As with acid 
racemization techniques, the NIRS technique relies upon 
known ages of tissues to form the correlation model, indi- 
cating that validated ages are necessary in order to generate 
the most accurate results. 


10.6 SUMMARY AND CONCLUSIONS 


As work on age validation of elasmobranchs has pro- 
gressed, it has become apparent that for some species ver- 
tebral band pairs either are not related to time or are only 
related to time for a specific period of life (e.g., Andrews 
and Kerr, 2015; Francis et al., 2007; Harry, 2017; Natanson 
and Cailliet, 1990; Natanson et al., 2008). In most cases, the 
conclusions showed distinct underestimation of age for the 
species studied based on bomb carbon validation (Andrews 
et al., 2011a,b; Francis et al., 2007; Harry, 2017; Harry et 
al., 2013; Natanson et al., 2014; Passerotti et al., 2014). Due 
to the importance of age in determining stock status and 
management strategies—coupled with the effect underesti- 
mated age can have on management decisions (Harry, 2017; 
Tyler et al., 1989; Yule et al., 2008)—-determining the basis 
of band pair formation in vertebral centra must be part of 
the next step in the exploration of elasmobranch age and 
growth. But perhaps of equal importance is the discovery 
of new methods for determining elasmobranch age that are 
not related to band pair counting. 
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11.1. INTRODUCTION as chondrichthyans. Traditionally, to estimate age in sharks, 


Accurate and reliable age estimates of sharks are important for 
informing management that will achieve sustainable outcomes 
for populations. Age is the foundation of many of the essential 
parameters, such as growth rate and productivity, that are used 
in demographic analyses and fisheries assessments (Cailliet et 
al., 2006; Campana, 2001). Here, “sharks” is used as a general 
term to refer to sharks, rays, and chimaeras, otherwise known 


growth bands are counted in their hard parts. Vertebrae or dor- 
sal fin spines are primarily used, although caudal thorns have 
also been found suitable for ageing in a few species of skates 
(Cailliet, 2015; Goldman et al., 2012; Serra-Pereira et al., 
2008). As sharks age, calcified material accumulates in these 
structures and can produce visible band pairs that, when for- 
mation periodicity has been validated, enable age determina- 
tion (Goldman et al., 2012; see also Chapter 10 in this volume). 
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Counting these band pairs requires experience and 
time to achieve consistent results, and repeated reads are 
necessary to ensure precision of the counts (Cailliet et al., 
2006). It also can require time-consuming preparation, 
such as sectioning of the structures and enhancement with 
stains to improve clarity and readability of the band pairs 
(Irvine et al., 2006b; Matta et al., 2017). In addition, this 
approach normally requires the lethal removal of the struc- 
tures used for ageing from an individual. Given the vulner- 
ability of many shark species to exploitation (Dulvy et al., 
2014), nonlethal methods for ageing would be beneficial. 
These issues prompted investigation of near-infrared spec- 
troscopy (NIRS) as a complementary approach to shark 
ageing. Although NIRS requires traditional band counts of 
some age structures, it can greatly reduce the time taken to 
estimate age from a structure and has the potential to be 
nonlethal (Rigby et al., 2014, 2016b). This chapter reviews 
how NIRS works and the application and considerations for 
use of NIRS in shark ageing. 


11.1.1. What Is NIRS and How Does It Work? 


Near-infrared spectroscopy uses light in combination with 
statistical methods to investigate the composition of organic 
material (Murray and Williams, 1987; Williams, 2008; 
Wold and Sjéstrém, 1998). Spectroscopy measures the 
interaction of organic material with electromagnetic radia- 
tion (light). Organic matter is composed of atoms of carbon, 
hydrogen, oxygen, nitrogen, phosphorus, and sulfur that 
combine by bonds to form molecules. These bonds vibrate 
(bend and stretch) at specific electromagnetic frequencies, 
and when organic material is irradiated with light the bonds 
absorb energy at different wavelengths. This modifies the 
light energy that is reflected back from the material. This 
reflected light is detected and analyzed by NIRS instru- 
ments to produce a plot or spectrum of the absorbance at 
each wavelength that essentially represents the composition 
of the material (Figure 11.1) (Blanco et al., 1998; Morisseau 
and Rhodes, 1995; Murray and Williams, 1987). 


NIR light 
source 


NIR 
detector 


Figure 11.1 


Schematic of near-infrared reflectance spectrum col- 
lection from shark vertebra. 
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Different forms of spectroscopy are based on differ- 
ent parts of the electromagnetic spectrum, and each has 
advantages and disadvantages. The other major types of 
vibrational spectroscopy are mid-infrared and Raman spec- 
troscopy. Near-infrared spectroscopy uses light in the near- 
infrared region at the wavelength range of 12,800 to 4000 
cm! (780 to 2500 nm). The NIR spectra detected from irra- 
diated organic material consist of overtones and combina- 
tion bands derived from stretching and bending of bonds 
between atoms found in the mid-infrared region of 3300 to 
800 cm! (3000 to 12,500 nm) (see Section 11.2.1). 

Near-infrared spectra are typically very complex, which 
means that unlike some other spectroscopic methods it is 
not possible to directly assign spectral features to particu- 
lar components. Therefore, the compositional data must 
be extracted from the spectra by multivariate statistical 
approaches (Cozzolino and Murray, 2012; Reich, 2005). 
However, the major advantage of NIRS over some other 
spectroscopic methods is that the near-infrared energy pene- 
trates further into the sample so samples can be investigated 
rapidly, with little preparation and at low cost (Roggo et al., 
2007; Williams, 2008). 

The need to use statistical approaches to extract compo- 
sitional data from NIR spectra means that this is an indirect 
method of analysis. In order to use NIRS for analysis of a 
trait such as age, a calibration must first be established. This 
is a statistical model that describes the relationship between 
the NIR spectra and a set of samples where the values for the 
trait are known, referred to as the primary reference samples 
(Foley et al., 1998; Williams, 2008). In the case of shark 
ageing, these reference samples are vertebrae or dorsal fin 
spines that have been aged by band counts. When the sta- 
tistical model has been established, it can be used to rapidly 
predict the trait (in this case, age) in future samples from the 
NIR spectra alone. 

Near-infrared spectroscopy is widely used in the agri- 
culture, pharmaceutical, and medical industries to measure 
traits such as protein or fat content in plants and animals, 
the concentration of active ingredients in pharmaceuti- 
cal products, and oxygen saturation of tissues (Cozzolino 
and Murray, 2012; Ferrari et al., 2004; Roggo et al., 2007; 
Solberg et al., 2003). NIRS has a multitude of very different 
uses; for example, it has the capacity to detect seafood spe- 
cies substitution and can infer historical changes in penguin 
population sizes from the proportions of guano in sediment 
cores (Cozzolino and Murray, 2012; Liu et al., 2011). NIRS 
is a valuable method for analyzing a wide range of materials 
of interest to fisheries biologists, as it is capable of providing 
information on complex traits such as age, species discrimi- 
nation, and geographic origins (Vance et al., 2016). 

In the first study of the application of NIRS for ageing 
sharks, the spectra of whole vertebrae from 80 great ham- 
merhead sharks (Sphyrna mokarran) were collected using a 
NIR spectrophotometer to produce 80 NIRS spectra (Rigby 
et al., 2016b). Individuals were also aged by traditional 
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sectioning and band counts (Harry et al., 2011). The statisti- 
cal relationship between the 80 spectra and the age of each 
vertebra derived from band counts was established using a 
calibration model. This calibration model could be used to 
accurately predict the age of other great hammerheads from 
vertebrae scanned by NIRS and not aged by traditional band 
counts (Rigby et al., 2016b). 

The development of calibration models requires enough 
samples to incorporate the variability in the trait being exam- 
ined (Nicolai et al., 2007; Reich, 2005; Wedding et al., 2014). 
In the case of great hammerheads, this was variability in age 
among great hammerheads of similar length, yet only 80 ver- 
tebrae were required to develop a calibration model that was 
statistically robust (Rigby et al., 2016b) (see Section 11.2). 
The positioning, scanning, and production of a spectrum for 
each whole vertebra took less than a minute; therefore, when 
the initial 80 vertebrae had been scanned and aged by tradi- 
tional means and a calibration model developed, the NIRS 
method had the capacity to collect more than 60 spectra from 
vertebrae per hour. This offers significant time savings in the 
preparation time because no sectioning or staining of the ver- 
tebrae is required, as well as in the time required to estimate 
the age, because collecting NIR spectra is rapid compared 
to the time required to do traditional band counts (Rigby et 
al., 2016b). These time savings translate into cost savings 
because, when a calibration model has been developed, far 
less labor is required for ageing as no experience in ageing 
and no repeated band count reads are required. This cost 
efficiency is one of the major benefits of NIRS (Roggo et 
al., 2007; Williams, 2008). The simplicity and speed of the 
ageing process using NIRS could be beneficial for stock and 
risk assessments of shark species taken as target or bycatch in 
commercial fisheries where large numbers of vertebrae must 
be aged or when stock assessments are conducted annually 
and regular ageing is required (Matta et al., 2017). Another 
considerable benefit is the nondestructive nature of NIRS 
(Luypaert et al., 2007). When a calibration model has been 
developed, the spectra of whole vertebrae can be collected 
using NIRS without destroying them because they do not 
have to be sectioned for age estimation. This can be beneficial 
for samples that are difficult to obtain or when it is advanta- 
geous to retain the samples for other studies (e.g., vertebral 
elemental analysis to inform stock structure and investigate 
habitat use) (McMillan et al., 2016). 

Near-infrared spectroscopy has also been used success- 
fully to accurately predict the age of teleost fish from whole 
otoliths (Wedding et al., 2014). The first application of NIRS 
to ageing teleosts was in saddletail snapper (Lutjanus mala- 
baricus), and subsequently the approach was successfully 
used in two other commercially harvested fish species in 
Australia: barramundi (Lates calcarifer) and snapper (Pagrus 
auratus) (Robins et al., 2015; Wedding et al., 2014). The use 
of NIRS thus provides the opportunity for significant time 
and cost savings for fish ageing. With an estimated 60,000 
otoliths being used to age fish annually in Australia alone 
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for stock assessments, adoption of NIRS technology offers 
the ability to substantially reduce the costs of work that is an 
essential part of fisheries management (Robins et al., 2015). 

The success of NIRS in estimating ages of sharks and 
teleosts from the spectra of vertebrae or otoliths implies that 
ageing in these species is accompanied by compositional 
changes in the vertebrae and otoliths visible as growth band 
pairs. This is discussed further below (Section 11.2.1), but it 
is important to note that reliably ageing sharks with NIRS 
does not require an understanding of these compositional 
changes. Provided that the traditional age data are accu- 
rate and sound statistical procedures are used to establish a 
robust calibration model for age and spectra, NIRS can be 
employed as a routine tool. 


11.1.2 Practical Aspects of the Application 
of NIRS for Shark Ageing 


A near-infrared spectrophotometer is used to acquire the 
spectra, and it includes a sample presentation module, a light 
source, and detectors. Normally, instrument-specific soft- 
ware is provided to enable the spectra to be recorded and 
exported to different analytical packages (Blanco et al., 1998; 
Williams, 2008). Comprehensive and detailed treatises on 
the full range of NIRS analytical procedures are provided in 
many references on the subject (e.g., McClure, 2003; Reich, 
2005; Siesler et al., 2002; Williams and Norris, 1987). The 
NIRS procedures found to be applicable and successful 
for shark ageing are summarized here, and more detailed 
descriptions of each aspect are available in Rigby et al. (2014, 
2016b). Most NIRS instruments would be suitable for age- 
ing sharks, although the first studies were performed using 
a Bruker MPA Multi Purpose FT-NIR Analyzer (Bruker 
Optik, Ettlingen, Germany). The two studies to date that used 
NIRS to estimate the age of sharks used 80 to 100 whole dried 
samples from each of four species: vertebrae from great ham- 
merhead sharks and spot-tail sharks (Carcharhinus sorrah) 
and dorsal fin spines from the piked spurdog (Squalus mega- 
lops) and Philippine spurdog (Squalus montalbani) (Rigby et 
al., 2014, 2016b). The vertebrae were placed face down and 
the fin spines in lateral orientation on the round sample win- 
dow of the spectrophotometer and irradiated with NIR light 
(Figure 11.2). The orientation of the structure with respect 
to the sample window should be consistent; for example, all 
fin spines should be placed in a lateral position rather than a 
mixture of positions. Orientation may potentially affect the 
NIR spectra (Rigby et al., 2014; Siesler et al., 2002). The cir- 
cular nature of vertebrae negates any orientation issues. For 
species with small vertebrae, a potential alternative to hand 
positioning each vertebra could be the use of an automated 
sample presentation method such as a carousel, which is used 
for many other types of samples. This method was success- 
fully used to collect spectra from saddletail snapper otoliths 
and can further reduce the time taken for ageing a large num- 
ber of samples (Wedding et al., 2014). 
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Figure 11.2 Fourier transform NIR spectrophotometer with (A) great hammerhead vertebra face down, and (B) Philippine spurdog dorsal 
fin spine in lateral orientation. 


When light in the NIR region of the electromagnetic 
spectrum penetrates the sample, some wavelengths are 
absorbed by the sample and others reflected; these are 
detected and displayed as a reflectance spectrum. Although 
the collection of a spectrum is sometimes referred to as a 
“scan,” it is not a linear scan across the vertebra or oto- 
lith (i.e., the instrument does not traverse from the inner to 
the outer edge of a vertebra). The NIR light interacts with 
the bonds of the sample to provide a holistic view of the 
organic composition, albeit one that must be interpreted via 
calibration with samples of known age. As the spectrum of 
each individual vertebra or fin spine is collected, it can be 
displayed on a computer linked to the spectrophotometer 
using associated software to show the absorbance at each 
wavelength (Figure 11.3) (Williams, 2008, 2013a). As men- 
tioned earlier, it is not possible to correlate particular peaks 
directly with specific chemical compounds. Similarly, there 
is no single part of the spectrum that can be referred to 
as being diagnostic of age or any other trait of interest. 
However, the degree of absorbance at different wavelengths 
reflects different stretching and bending of organic bonds, 
and multivariate statistical procedures can extract combina- 
tions of wavelengths from the whole spectra that correlate 
most strongly with the trait of interest such as age. 


11.1.2.1| Development and Validation 
of Calibration Models 


The development of a robust calibration model is critical, as 
all future analyses are based on the model. Ideally, the avail- 
able samples should be randomly split into two sets: a cali- 
bration set and an independent validation set (Reich, 2005; 
Robins et al., 2015; Roggo et al., 2007; Williams, 2013b). The 
calibration set should contain samples that include the full 
range of the parameter that the calibration model will be used 
to predict; for sharks, this is the age range. The range of spec- 
tral variation with age should be represented and included in 
development of the calibration model to enable the model to 
attain an acceptable level of accuracy for prediction (Foley 
et al., 1998; Wedding et al., 2014). The level of accuracy that 
is considered acceptable is determined by the objectives 
and data requirements of the end user (Robins et al., 2015). 
Although a separate validation set is sometimes omitted in 
studies with limited samples, the robustness of the calibra- 
tion model is best tested with an independent validation set. 
When there are limited sample sizes (that is, less than 100), 
although not ideal, the samples are not split into two sets but 
rather all samples are used to develop the calibration model. 
A process is undertaken during model development to ensure 
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Figure 11.3 Raw near-infrared spectra from 95 Philippine spur- 
dog dorsal fin spines. 


that it accurately predicts the known ages. It is an iterative 
process, where the calibration model is built on a subset of 
samples and used to predict the ages of samples not included. 
This is repeated using successive subsets of samples until 
all sample ages have been predicted by models that have not 
included them (Williams, 2013b). This is not a true indepen- 
dent validation method, but it does optimize the model and 
prevent overfitting of the calibration equation. 

Understanding sources of error in any analytical pro- 
cedure is important. In NIR analysis, the most overlooked 
source of error is in the determination of the reference values. 
For estimating the age of sharks, these are the subjective band 
counts. To reduce the risk of reader bias and provide consis- 
tency and precision, quality control methods are incorporated 
into the age-reading procedures, such as average percent 
error and age-bias plots (Campana et al., 1995; Goldman et 
al., 2012). NIRS relies entirely on these reference values, and 
knowing the error around these values is important as they 
are incorporated into the calibration model. Consequently, 
the more precise and accurate the counts of age band pairs, 
the more accurate the NIRS model age predictions (Robins et 
al., 2015; Wedding et al., 2014). The level of error and confi- 
dence in the age estimation should be reported in association 
with the NIRS calibration model. When the model has been 
built, the advantage of NIRS is that further predictions of age 
are then objective (Foley et al., 1998; Williams, 2008). This 
avoids any additional age-reading subjectivity that could 
occur if ages from all animals have be generated from tradi- 
tional band pair counts. 

A calibration model was built for each shark species 
studied by Rigby et al. (2014, 2016b). For each species, the 
known ages determined from band counts of the vertebrae 
and dorsal fin spines were statistically related to the NIRS 
spectra. For ease of reading, the term “known age” is used 
for both validated and verified ages, although it is recog- 
nized that verified ages are estimates of age. In these studies, 
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band counts were from sectioned vertebrae (Harry et al., 
2011, 2013) and from external bands on the whole dorsal fin 
spines (Rigby et al., 2016a). 

The raw NIRS spectra data are pretreated by mathemati- 
cal transformation and outliers are eliminated as a first step 
in the analyses to avoid overfitting of the calibration equa- 
tion and to remove noise mostly caused by instrument effects 
(Blanco et al., 1998; Reich, 2005). After pretreatment, par- 
tial least squares (PLS) regression is used for each species 
to establish a relationship between the NIRS spectra and the 
known ages that identified the combinations of wavelengths 
that most closely correlated to known ages (Hruschka, 1987; 
McClure, 2003). 

The final calibration model is defined by a combination 
of statistical criteria that include the highest coefficient of 
determination (R7), lowest root mean square error of cross- 
validation (RMSECV), optimal number of terms, and lowest 
bias, where bias is the mean difference between known ages 
and predicted ages and reflects the accuracy of the model 
(Smith and Flinn, 1991; Williams, 2008). It is important to 
avoid overfitting of the calibration model which can occur 
through the inclusion of too many terms in the model. In 
such a case, the model may fit the calibration data but can- 
not be successfully applied to unknown spectra. The root 
mean square of the error of prediction of the model can be 
plotted against the number of terms to visualize this error 
and minimize the likelihood of overfitting. Many ecological 
studies accumulate samples at different times and from dif- 
ferent sources. In such cases, it is important to incorporate 
new sources of variability into the model and rebuild models 
as the additional samples become available. 


11.2 APPLICATION OF NIRS TO SHARK AGEING 


Near-infrared spectroscopy can be used as a complemen- 
tary ageing approach to traditional methods. It has been 
applied successfully to four species of sharks from differ- 
ent habitats with contrasting body sizes and life histories: 
the large, semi-oceanic and pelagic great hammerhead, the 
medium-sized coastal spot-tail shark, and two relatively 
small deepwater demersal dogfish, the piked spurdog and 
the Philippine spurdog (Last and Stevens, 2009; Rigby et 
al., 2014, 2016b). These species all have different growth 
rates and longevity. The relatively fast-growing spot-tail 
shark (von Bertalanaffy growth constant k = 0.34 year-') 
lives as long as 14 years, the very slow-growing Philippine 
spurdog (k = 0.007 year~') lives to 31 years, and the great 
hammerhead has a longevity of 39 years (Harry et al., 2011, 
2013; Rigby et al., 2016a). The ability of NIRS to accurately 
predict the ages of disparate species displaying ecologi- 
cal and biological diversity supports the potentially wide 
applicability of the NIRS ageing method to sharks. In addi- 
tion, age was successfully predicted from both of the most 
common ageing structures: vertebrae and dorsal fin spines. 
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Consequently, it is likely that the NIRS ageing method 
would also be suitable for ageing of a wide range of shark 
taxa, including batoids and chimaerids. 

Calibration models have enabled successful prediction 
of ages across the validated and verified ages of 0.3 to 10 
years for great hammerhead sharks (NIRS calibration model 
R? = 0.89) and spot-tail sharks (R? = 0.84) and across the 
verified and estimated ages of 5 to 25 and 3 to 31 years for 
the piked spurdog (R? = 0.82) and Philippine spurdog (R? = 
0.73), respectively (Rigby et al., 2014, 2016b). All models 
predicted the ages accurately with small mean differences 
between the known ages and predicted ages in years (bias) 
of 0.012, —0.005, —0.008, and 0.052 for the great hammer- 
head shark, spot-tail shark, piked spurdog, and Philippine 
spurdog, respectively (Rigby et al., 2014, 2016b). The con- 
siderable ages of the dogfish successfully predicted attests 
to the ability of NIRS to be used with older sharks. Thus, 
with the NIRS approach, ages can be reliably and accurately 
predicted up to the maximum age successfully calibrated in 
the NIRS model. To build the calibration models for each 
of the four species, samples were included across the age 
ranges predicted. Sharks vary in length with age (Cailliet 
et al., 1986), and the PLS regression incorporates this indi- 
vidual variation in growth. It is thus preferred to include 
an even representation of samples from all age classes to 
be predicted, because this can help improve the calibration 
model by providing spectral data for each age class (Reich, 
2005; Williams, 2008). With sharks, it can be logistically 
difficult to collect an even representation of samples across 
the range to be predicted, but a calibration model can still 
be built with uneven representation. For the piked spurdog, 
there were proportionally fewer older age classes sampled 
yet the model was robust and able to predict older ages accu- 
rately (Rigby et al., 2014). 

The age estimates used in the calibration models should 
be as accurate as possible. Ideally, the periodicity of the for- 
mation of band pairs across the entire age range should be 
validated; that is, the accuracy of how often band pairs are 
laid down and absolute age can be proven by a determinate 
method such as chemical tagging, mark-recapture of known 
age animals, or bomb radiocarbon dating (Campana, 2001; 
Campana et al., 2006; Harry et al., 2011; see also Chapter 
10 in this volume). Although validation should always be 
attempted where possible, a far greater number of shark 
studies have verified rather than validated age estimates due 
to the difficulties with validation (Cailliet, 2015; Goldman 
et al., 2012). Verification is another way of evaluating the 
band pair deposition where the age estimate is corroborated 
by comparison with other indeterminate methods such as 
marginal increment analysis and edge analysis (Braccini et 
al., 2007; Coelho and Erzini, 2008; Goldman et al., 2012). 

The NIRS method is not an age validation method, as it 
requires a set of samples of reliable known ages to develop 
the calibration model. NIRS cannot determine the age of 
a structure without prior reference to a known age sample. 
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It can, however, be considered a verification method, as it 
provides verification of the band counts through correlation 
of age with the NIR spectra, allowing comparison of the tra- 
ditional band count ages with the elemental composition to 
confirm the band count age estimates. 

One of the main reasons for ageing sharks is to gener- 

ate length-at-age data for growth curves to determine the 
species growth rates, a key parameter of demographic and 
fisheries assessments that estimate population status and 
exploitation risk (Cailliet et al., 2006; Campana, 2001). 
Ages derived from NIRS for spot-tail and great hammer- 
head sharks were fitted to three-parameter von Bertalanffy 
growth models (Rigby et al., 2016b). The growth curves for 
both species were not significantly different from those gen- 
erated for known ages up to 10 years which were determined 
from traditional band pair counts of the vertebrae. This con- 
firmed that the ages derived from the NIRS models are suit- 
able to generate growth curves for species; hence, the NIRS 
shark ageing approach is feasible for studies of the age and 
growth of sharks. 
11.2.1 Age-Related Changes in Shark Structures 
The NIRS method is not dependent on knowing the underly- 
ing chemistry of age-related compositional variation in the 
vertebrae and fin spines (Siesler et al., 2002). The vibrational 
frequencies of molecular bonds in a sample could be associ- 
ated with a large number of chemical compounds; although 
statistical comparison determines the combinations of wave- 
lengths most closely correlated with age, the wavelengths 
are related to bonds, not any particular chemical compound. 
NIRS is not an appropriate method to determine which par- 
ticular chemical component is related to changes in age. 
Understanding such age-related compositional changes in 
vertebrae and fin spines requires collaboration with chem- 
ists and materials scientists to apply compositional analy- 
sis using a range of analytical approaches such as Raman 
spectroscopy, nuclear magnetic resonance spectroscopy, 
or soft-ionization mass spectrometry (Jansen van Vuuren 
et al., 2015; Loch et al., 2014; Schiller and Huster, 2012). 
Nonetheless, the nature of the age-related compositional 
changes are of interest to many biologists. As such, some 
of the features of the spectra that were strongly correlated 
with age in sharks previously investigated using NIRS are 
discussed below, along with a description of the composition 
of vertebrae and fin spines that may be related to ageing. 

The spectral areas that correlated most strongly with 
age in the calibration models described by Rigby et al. 
(2014, 2016b) were similar for both vertebrae and dorsal fin 
spines and for all four shark species studied for the appli- 
cation of NIRS to ageing. This suggests that similar com- 
positional changes related to ageing in the vertebrae and 
dorsal fin spines of the four species were detected by the 
NIRS method. The three main wavelength areas related 
to age were in the ranges of 9300 to 8200, 7800 to 6800, 


NEAR-INFRARED SPECTROSCOPY FOR SHARK AGEING AND BIOLOGY 


(A) Great hammerhead vertebrae 
400 

ra 
a 
2 200 i 
a 
vo 
8 
q 0 
< 
B 
4 —200 
vo 
% 

—400 

11600 9600 7600 5600 3600 
Wavenumber (cm~!) 

(C) Piked spurdog dorsal fin spine 
800 
aI 
a 
P= 400 
v 
0 
2 
a 
A —400 
2 

S800 ——— 

11600 9600 7600 5600 3600 


Wavenumber (em) 


207 

(B) Spot-tail shark vertebrae 
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Figure 11.4 Spectral areas of the optimal calibration model plot for vertebrae of (A) great hammerhead and (B) spot-tail shark and dorsal 
fin spines of (C) piked spurdog and (D) Philippine spurdog. (Parts (C) and (D) from Rigby, C.L. et al., Deep-Sea Res. Pt. 1, 


94(0), 189, 2014.) 


and 5400 to 4000 cm! (Figure 11.4). Wavelengths in the 
NIR spectrum are broadly linked to the vibrations in differ- 
ent types of bonds (Siesler et al., 2002). The main spectral 
areas from the studied shark species that correlated with 
age correspond to these atomic groups: (1) carbon-carbon 
alkene, CH (aromatic), -CH, methyl, and —CH, methy- 
lene, all combination and second overtones; CH, second 
overtone; —NH, primary amines, combination and first 
overtone; -CONH, primary amide, combination, first, and 
second overtones; -CONH secondary amides, combination 
and second overtone; and P—OH and PH, first overtone. The 
terms “overtone” and “combination” relate to the manner in 
which energy is absorbed in the NIR region. When energy 
is absorbed by a molecule, the bonds vibrate and the mol- 
ecule changes the vibrational energy state. Some molecules 
jump from a ground state to the next highest energy level, 
other molecules jump to the second or third energy level, 
(referred to as the first and second overtones, respectively), 
and a combination occurs when there are two or more 
simultaneous jumps (Murray and Williams, 1987). 

The primary growth compound in all shark hard 
parts is the calcium phosphate mineral hydroxyapatite, 
Ca,)(PO,)<(OH,), which is present in both vertebral cartilage 
and dentine and enamel in dorsal fin spines (Kemp, 1999; 
Maisey, 1979; Walker et al., 1995). Understanding vertebral 
and fin spine microchemistry might help begin to resolve 
the compositional changes detected by NIRS that are cor- 
related with age. More detailed information is available for 
vertebrae than for dorsal fin spines. Growth occurs in these 


two structures by the deposition of crystallites of hydroxy- 
apatite within an organic matrix of proteins that are mainly 
collagen types I and II (which vary in amino acid compo- 
sition) and proteoglycan (Clement, 1992; Michelacci and 
Horton; 1989; Porter et al., 2006; Rama and Chandrakasan, 
1984). The concentrations of these different components in 
vertebrae are reported to vary among shark species, with 
hydroxyapatite accounting for between 39 and 55%; water, 
26 to 53%; collagen, 17 to 27%; and proteoglycan, 12 to 28% 
(Porter et al., 2006). Calcium is reported to account for 40 to 
48% of the dried weight of shark vertebrae, with little varia- 
tion among species (McMillan et al., 2016). Chondroitin 
sulfate is a component of proteoglycan that provides much 
of the cartilage resistance to compression and appears to 
account for | to 2% of the dried weight of shark vertebrae 
(Ge et al., 2016; Takeda et al., 2016). Minor and trace ele- 
ments (including radioisotopes and stable isotopes) are also 
known to occur in the vertebrae (Kerr and Campana, 2014; 
Kerr et al., 2006; Tillett et al., 2011). 

The vertebral mineralized accretion is considered to 
provide mechanical support to the skeleton and occurs in a 
double cone, but the mechanism of calcium ion (Ca**) and 
phosphorus (as both inorganic and organic phosphorus) 
incorporation into the vertebrae and dorsal fin spines and the 
relationship with the three-dimensional anatomy are largely 
unexamined and little understood (Clement, 1992; Dean and 
Summers, 2006; Dean et al., 2015; McMillan et al., 2016). It is 
known, though, that in many sharks the accretion of mineral 
occurs incrementally in concentric rings in vertebrae and at 
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the base and center in dorsal fin spines (Clement, 1992; Dean 
and Summers, 2006; Irvine et al., 2006a). It often deposits 
seasonally, with an alternate calcium-rich opaque band due 
to faster growth in warm months and a calcium-poor trans- 
lucent band due to slower growth in cool months. This opti- 
cally distinct band pair is used in traditional age reading and 
has been validated or verified in a considerable number of 
shark species to represent one year of growth (Goldman et 
al., 2012; Hale et al., 2006; Kerr and Campana, 2014; Walker 
et al., 1995). When the hydroxyapatite and the organic matrix 
are laid down in the vertebrae or enamel of dorsal fin spines, 
they are both thought to be metabolically stable, with little to 
no remodeling, and thus record growth through an animal’s 
lifetime (Campana et al., 2002, 2006; Clement, 1992; Cotton 
et al., 2014; Koch et al., 1994). The metabolic and temporal 
stability is not conclusively resolved, but if any remodeling 
occurs it is likely to be minimal (Campana et al., 2002; Dean 
et al., 2015; Kerr and Campana, 2014; Kerr et al., 2006). 
Consequently, the chemical compound changes related to 
ageing are retained in the age structures throughout an ani- 
mal’s life time and provide a record of ageing. 

Yet, at this stage, no specific compounds or potential 
interactions among several compounds in NIRS-studied 
shark vertebrae and dorsal fin spines that correlate to the 
NIRS spectra are known. The most likely candidates are 
calcium phosphate or a component of the organic matrix. 
Studies using NIRS in the otoliths of fish found that the spec- 
tral regions most correlated with age in the calibration mod- 
els were 6250 to 4000, 4832 to 4327, and 6160 to 4580 cm! 
for saddletail snapper, barramundi, and snapper, respectively 
(Robins et al., 2015; Wedding et al., 2014). These regions 
overlap most with the lower of the three main spectral areas 
related to age in the NIRS-studied shark species (i.e., 5400 
to 4000 cmr) (Rigby et al., 2014, 2016b). The growth bands 
in fish are due to the deposition of calcium carbonate rather 
than calcium phosphate, and although the biochemistry of 
growth bands in structures used to age sharks are not fully 
understood they are currently believed to be similar to those 
of otoliths (Kerr and Campana, 2014). In otoliths of saddle- 
tail snapper, carbonates have been suggested as a possible 
component that is correlated with age (Wedding et al., 2014); 
however, this possibility has not been investigated further for 
the other two fish species in which NIRS has been used to 
predict age. Although we have a more comprehensive under- 
standing of otolith microchemistry than that of vertebrae or 
dorsal fin spines (Kerr and Campana, 2014), the composi- 
tional causes of age correlation are a separate matter from 
the application of NIRS, and the studies of otoliths that have 
used NIRS have focused on producing calibration models 
that can be applied routinely (Robins et al., 2015). 

Studies of otoliths have emphasized the importance 
of the organic matrix as a driving force in otolith forma- 
tion and that protein accumulation likely affects the opac- 
ity of growth bands (Izzo et al., 2016). NIRS has been used 
successfully in the analysis of chondroitin sulfate because 
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it strongly absorbs NIR radiation (Baykal et al., 2010; 
Spencer et al., 2009; Zang et al., 2012). Calibration mod- 
els of chondroitin sulfate in several different studies have 
identified absorption bands for chondroitin sulfate, includ- 
ing at 4300, 4730, 5400, 5800, and 7000 cm" (Baykal et al., 
2010; Spencer et al., 2009; Zang et al., 2012). All of these, 
except 5800 cm, are within the spectral areas identified in 
the calibration models developed with shark vertebrae and 
dorsal fin spines (Rigby et al., 2014, 2016b). Changes in the 
type of chondroitin sulfate are associated with the ageing 
process in mammalian cartilage; in young animals, chon- 
droitin-4-sulfate predominates and the relative proportion 
of chondroitin-6-sulfate increases with age (Bayliss et al., 
1999; Mourao, 1988; Shulman and Meyer, 1968). These two 
variants of chondroitin sulfate are present in shark cartilage 
(Higashi et al., 2015; Martell-Pelletier et al., 2015; Volpi, 
2007). Based on these observations, chondroitin sulfate is 
a plausible candidate to contribute to age-related composi- 
tional variation in shark vertebrae and dorsal fin spines. 


11.2.2 Detection of Age in Vertebrae 
with No Visible Banding 


Many deepwater sharks have poorly calcified vertebrae that 
lack visible growth bands and thus cannot be aged by tradi- 
tional band counts or other methods, such as tag—recapture, 
due to logistical difficulties associated with working in the 
deep sea (Cotton et al., 2014; Goldman et al., 2012). Ageing 
is possible in some deepwater dogfish that possess dorsal fin 
spines with discernible growth bands (Irvine et al., 2006b). 
The piked spurdog is one such dogfish that can be aged by 
dorsal fin spine bands but that has no discernible bands in 
its vertebrae. This provided an opportunity to determine if 
NIRS can detect any compositional changes associated with 
ageing in vertebrae with no discernible bands. 

Spectra from vertebrae of piked dogfish were collected 
from the same animals aged using band counts from their 
dorsal fin spine, and a NIRS-based calibration model of 
the vertebrae was developed using the known ages from 
the dorsal fin spines (Rigby et al., 2014, 2016a). The cali- 
bration model had a good ability to accurately predict ages 
(R? = 0.89) (Rigby et al., 2014). This implies that age-related 
compositional changes occur in the vertebrae despite there 
being no visible growth bands. A similar result has been 
reported for vertebrae from another dogfish, the spiny dog- 
fish (Squalus acanthias) which ranges from inshore to deep- 
water (Ebert et al., 2013; Jones and Geen, 1977). Bands were 
not visible in the vertebrae of the spiny dogfish until recently, 
when a modified histological staining technique was devel- 
oped (Bubley et al., 2012), although this technique failed to 
reveal visible bands in piked dogfish vertebrae (Rigby et al., 
2016c). In the earlier spiny dogfish study, x-ray spectrometry 
revealed a cyclical pattern of concordant calcium and phos- 
phorus peaks and troughs representative of annual seasonal 
changes in deposition for 21 years (Jones and Geen, 1977). 
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The nonvisible age-related changes may be due to more 
subtle changes in the ratios of the mineral hydroxyapatite to 
the organic matrix in deep-sea sharks; although not visible, 
they can still be detected by NIRS. Although the deep sea 
is a relatively stable environment, there are seasonal fluc- 
tuations in food availability (Danovaro et al., 2014; Smith 
et al., 2013), and annual growth band pairs visible in deep- 
water teleosts validated by radiometric ageing are possibly 
due to these seasonal food changes (Gordon, 2001; Morales- 
Nin and Panfili, 2005; Watters et al., 2006). Band pairs are 
also apparent in the vertebrae of some deepwater skates, but 
these are difficult to count accurately due to their poor cal- 
cification, although some enhancement techniques improve 
readability (Gennari and Scacco, 2007; Winton et al., 2013). 
The deposition of annual band pairs in the vertebrae in a few 
deepwater sharks with visible bands has been validated with 
bomb radiocarbon (King et al., 2017; McPhie and Campana, 
2009) and verified for a species with no visible bands, the 
longnose velvet dogfish (Centroselachus crepidater), for 
which the radiometric age correlated with visible dorsal 
fin spine band counts (Fenton, 2001; Irvine et al., 2006b). 
Alternatively, the detection of age by NIRS is associated 
with a compositional change that occurs in a manner that is 
not visibly discernible. This may be the case with changes in 
the type of chondroitin sulfate with age and would be worth 
investigation. 


11.2.3. Nonlethal Ageing of Sharks 


Ageing without the need to lethally remove the structures 
necessary for ageing would be highly beneficial, given 
sharks’ vulnerability to exploitation, the threatened status 
of one-quarter of the world’s sharks, and the rarity of some 
species (Cortés et al., 2012; Dulvy et al., 2014; Heupel and 
Simpfendorfer, 2010). Caudal thorns have been investigated 
because they can be removed from a live skate, but their reli- 
ability as a structure from which to derive age varies among 
species (Goldman et al., 2012; Matta et al., 2017; see also 
Chapter 10 in this volume). Nonlethal ageing may be pos- 
sible for some dogfish and bullhead sharks (Heterodontus 
spp.) that can be aged by band counts of internal sections 
from the exposed portion of the dorsal fin spine, yet nonle- 
thal removal has not yet been attempted (Irvine et al., 2006b; 
Tovar-Avila et al., 2009). NIRS was able to predict age from 
two shark structures that could be sampled nonlethally: the 
tip of dorsal fin spines and pectoral fin clips (Rigby et al., 
2014). 


11.2.3.1 Dorsal Fin Spines 


Near-infrared spectra of dorsal fin spines from the piked 
spurdog and the Philippine spurdog were collected from the 
anterior tip of the spine rather than the whole spine (Figure 
11.3) (Rigby et al., 2014). The anterior region of the fin spine 
is the part that is exposed in a live animal (Figure 11.5) 
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Figure 11.5 Philippine spurdog second dorsal fin spine. 


(Irvine et al., 2006a); in the NIRS shark study, spectra were 
collected from this part alone because the available instru- 
ment had only a 2-cm-diameter sample window. Alternative 
sampling setups could be used to collect spectra from the 
whole fin spine, which can reach lengths of 5 cm. Handheld 
NIRS instruments for use in the field (see Section 11.3.4) 
may be suitable for this task and could be used to collect 
spectra from the exposed portion of the dorsal fin spine on 
a live shark before returning it to the sea. Either of the two 
dorsal fin spines present on most squaloid sharks could be 
used which is beneficial because the tip of one of the two 
spines is sometimes worn or damaged (Irvine et al., 2006a; 
Rigby et al., 2014). Establishing a calibration model would 
require an initial sacrifice of 80 to 150 animals of different 
ages to obtain dorsal fin spines for ageing and the collection 
of spectra; the inclusion of slightly more animals than in the 
shark studies of NIRS to date would enable an independent 
validation dataset. However, beyond this, further ageing 
could be based on NIR spectra alone and be rapid and nonle- 
thal. This would be beneficial for stock and risk assessments 
of the considerable number of species of threatened dogfish 
sharks (Squaliformes spp.) that are commercially targeted 
or taken as bycatch (Dell’Apa et al., 2015; Ebert et al., 2013; 
IUCN, 2017). 


11.2.3.2 Fin Clips 


The use of fin clips for genetic analyses is a widely accepted 
nonlethal sampling method (Heist, 2004). NIR spectra were 
obtained from pectoral fin clips of the piked spurdog and 
a calibration model developed using ages derived from the 
dorsal fin spines (Rigby et al., 2014, 2016a). The calibra- 
tion model was able to predict age (R? = 0.76) (Rigby et al., 
2014). This was an interesting outcome, because fin clips 
have previously not been used in any shark ageing study. A 
2-cm square fin clip was removed from the trailing edge of 
the pectoral fin (Figure 11.6) to match the 2-cm diameter of 
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Figure 11.6 Fin clip removed from the piked spurdog left pectoral 
fin, as shown by the black square. (From Rigby, C.L. 
et al., Deep-Sea Res. Pt. 1, 94(0), 186, 2014.) 


the NIR spectrometer window. To reduce the high level of 
moisture in the fin clips, they were pinned to keep them flat 
and oven-dried at 50°C for 4 hours before being stored in 
envelopes (Rigby et al., 2014). 

A 2-cm square piece of skin from the dorsal surface 
between the two dorsal fins was also taken from the same 
piked spurdog individuals aged by dorsal fin band counts. 
These were dried and stored in the same manner as the pec- 
toral fin clips, and a similar calibration model was devel- 
oped to predict age (R* = 0.70). The main spectral areas 
in the calibration model of the fin clip were in the ranges 
of 7800 to 6800 and 5400 to 4000 cm"! (Figure 11.7A), 
which were similar to the lower two wavelength areas for 
dorsal fin spine and vertebra calibration models (Section 
11.2.1). However, the dorsal skin samples had more spectral 
areas correlated with age (Figure 11.7B). Some of the skin 
samples curled and cracked during drying, which may have 
affected the spectral data, and a different drying method 
such as a lower oven temperature or air drying in a fume 
hood may improve the calibration model. 

The ability to produce a calibration model suggested 
that there were compositional changes that were associated 
with age in the fin clip and, to a lesser extent, in the dorsal 
skin sample. It is not known what particular part of the fin 
structure or dorsal skin sample may be related to changes 
in composition with age. Both the fin clip and dorsal skin 
are covered in dermal denticles, which are composed of 
dentine and enamel of a chemical composition similar to 
that of dorsal fin spines and vertebrae—that is, hydroxy- 
apatite deposited in an organic matrix (Kemp, 1999; Meyer 
and Seegers, 2012; Miyake et al., 1999). Caudal thorns in 
skates are derived from dermal denticles that are consid- 
ered to persist throughout an animal’s lifetime with the 
visible growth band pairs used for ageing, although the 
banding has not been consistently reliable for ageing for all 
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skate species (Goldman et al., 2012; Meyer and Seegers, 
2012; Serra-Pereira et al., 2008; see also Chapter 10 in this 
volume). The dermal denticles on shark skin, however, have 
generally not been considered suitable for ageing because 
they are not thought to grow continuously throughout the 
life of the animal; rather, they grow to a definitive size and 
are discarded and replaced by denticles that can grow larger 
due to a larger underlying dermal papilla (Kemp, 1999; 
Maisey, 1979; Meyer and Seegers, 2012). The pectoral fin 
has other internal components composed of hydroxyapatite 
and collagen that may be related to age, including cartilag- 
inous platelets, radials, and ceratotrichia (Clement, 1992; 
Kemp, 1999; Vannuccini, 1999). However, these are not 
present in shark skin, which consists of an outer epidermis 
and underlying connective tissue (dermis), neither of which 
is mineralized, although the dermis does contain chondroi- 
tin sulfate (Kemp, 1999; Meyer and Seegers, 2012; Takeda 
et al., 2016). 

Thus, the two components common to both the pectoral 
fin clips and the dorsal skin samples are dermal denticles 
and skin. Because dermal denticles are not considered suit- 
able for ageing, it may be chondroitin sulfate in the skin that 
was correlated with changes in age. As part of a broader 
chemical investigation of age in sharks, future investigations 
could include spectra of separate parts of the pectoral fin— 
skin, dermal denticles, platelets, radials, or ceratotrichia—to 
determine which is most closely correlated with age. 
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Figure 11.7 Spectral areas of the optimal calibration model plot 
for piked spurdog (A) pectoral fin clips and (B) dorsal 
skin samples. (Part (A) from Rigby, C.L. et al., Deep- 
Sea Res. Pt. 1, 94(0), 189, 2014.) 
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11.3 CONSIDERATIONS IN 

APPLICATION TO SHARK AGEING 
11.3.1. Minimizing Errors in Calibration Models 
To reduce any potential confounding factors, it is prudent 
to keep sample preparation as simple as possible. Dried 
samples are preferred to be used in NIRS analyses because 
water is a strong absorber in the NIR region and can domi- 
nate and overlap other more informative parts of the NIR 
spectra (Robins et al., 2015; Williams and Stevensen, 1990). 
To reduce the potential influence of preservatives or other 
chemicals on the spectral data, it would be better to use ver- 
tebral and dorsal fin samples that have not been stored in 
ethanol or formalin or stained to enhance band resolution. 
The influence of ethanol and formalin on the composition 
of shark vertebrae and dorsal fin spines is unknown, but in 
teleost otoliths ethanol and formalin can change the con- 
centrations of elements that are not tightly incorporated in 
the calcium carbonate matrix, and the acidity of formalin 
can decalcify otoliths (Campana and Neilson, 1985; Kerr 
and Campana, 2014; McMillan et al., 2016). The cleaning 
of shark vertebrae for ageing commonly involves immersion 
in mild household bleach to remove connective tissues. Over 
short periods of around 40 minutes, this immersion does not 
alter the chemical composition of the vertebrae, but over lon- 
ger periods it has been reported to affect concentrations of 
sodium, magnesium, and manganese (McMillan et al., 2016; 
Mohan et al., 2017; Tillett et al., 2011). Excessive bleaching 
would likely affect the hydroxyapatite and organic matrix, 
as it has been reported to dissolve the vertebrae of some spe- 
cies (Francis and Maolagain, 2000; Officer et al., 1996). It 
is probably best to avoid bleaching for more than an hour to 
maintain both the visibility of band pairs for counts and the 
integrity of the composition for NIRS analyses. 

The possibility that long-term storage may affect the pre- 
dictive accuracy of ageing using NIRS was considered in an 
otolith study. Storage up to 8 years was investigated and not 
thought to affect the ability to predict age because calibra- 
tion models successfully predicted the age for samples that 
had been stored for varying lengths of time; however, the 
findings were not conclusive due to the confounding effect of 
between-year variability (Robins et al., 2015). No studies of 
the elemental composition of shark vertebrae have examined 
the effects of long-term storage, as it has not been considered 
an issue (McMillan et al., 2016). A collection of older sam- 
ples is more likely to be from a range of locations collected 
in different years; this spatial and temporal variability can 
be accommodated in the NIRS process to produce a single 
robust calibration model by including the samples from dif- 
ferent locations and years in the calibration set (Robins et 
al., 2015). Thus, long-term storage of dried samples or dif- 
ferences in location and time of collection should not neces- 
sarily increase the error in a NIRS calibration model as long 


as the variability is included in the calibration samples used 
to develop the model. As always, ideally a set of independent 
samples should be used to validate the final model. 


11.3.2 Regional Variability and 
Sexually Dimorphic Growth 


Variability in intraspecific age and growth for some species 
of sharks is apparent across different regions (Cope, 2006; 
Rigby and Simpfendorfer, 2015). This variability should be 
considered in the development of shark NIRS age calibra- 
tion models; if it is significant, then separate NIRS calibra- 
tion models specific to each region should be developed to 
provide a more accurate age prediction. For other species of 
shark, age and growth are more constant across the entire 
distribution and one calibration model would likely be suf- 
ficient (Cailliet and Goldman, 2004). Although the calibra- 
tion model may be initially developed with samples of such a 
species from one part of the distribution, the regional scope 
of the existing calibration model could be increased by later 
incorporation of samples from a wider geographic area as 
they become available. The model should then be recali- 
brated to incorporate any additional spectral variability and 
validated with an independent dataset to maintain accept- 
able accuracy in age prediction (Bobelyn et al., 2010; Siesler 
et al., 2002). 

The chemical composition of water can vary with 
geographic location and may also affect the chemistry of 
vertebrae and dorsal fin spines through variations in the 
incorporation of calcium, phosphorus, and other compo- 
nents into the organic matrix (Dean et al., 2015; Kerr and 
Campana, 2014; McMillan et al., 2016). Diet also contrib- 
utes to the chemistry of skeletal structures (Dean et al., 
2015). Variability in water chemistry and diet and their 
corresponding NIRS spectral characteristics can be incor- 
porated into the NIRS model by inclusion of samples from 
different water bodies and life stages in the range of samples 
collected for development of the calibration model (Robins 
et al., 2015; Wedding et al., 2014). For example, in the NIRS 
shark study, great hammerheads were sampled from a large 
spatial area across the east coast of Australia, which is an 
area of complex currents (Harry et al., 2011); hence, the 
NIRS spectra from the great hammerhead encompassed 
individuals that had resided in different water bodies (Rigby 
et al., 2016b). Most sharks exhibit diet shifts as they grow 
from juveniles to adults (Wetherbee et al., 2012); conse- 
quently, if juveniles and adults are included in the samples 
for NIRS, diet changes that result in variability in age struc- 
ture chemistry would be incorporated into NIRS models. 
The application of NIRS models to predict age would be 
most accurate across the regions and sizes that were sampled 
for each of the species; age predictions of samples outside 
these regions and sizes should be assessed for accuracy and, 
if possible, incorporated into the calibration model. 


212 


Sexually dimorphic growth is a prevalent trait among 
sharks, with separate growth curves commonly being gener- 
ated for males and females where adequate data are available 
(Cailliet and Goldman, 2004; Cortés, 2000). Where the age 
and growth are markedly different between the sexes and suf- 
ficient samples are available for males and females, the accu- 
racy of NIRS to predict age may potentially be improved by 
the development of separate calibration models for each sex. 


11.3.3 Age, Size, and Older Animals 


Ageing structures increase in size as an animal grows, and, 
as hydroxyapatite and the organic matrix in vertebrae and 
dorsal fin spines accumulate with size and age, it is logical 
to assume that NIR spectra correlate with changes in size 
in addition to age. Size is not suited for age estimation in 
sharks because of the considerable variation in age-at-length 
among individuals and the asymptotic nature of their growth 
(Cailliet et al., 1986). In the NIRS shark study, NIRS spectra 
related to size for dorsal fin spines, vertebrae, and pectoral 
fin clips from the piked spurdog (Rigby et al., 2014). Future 
work to investigate the use of NIRS to predict age and size 
would benefit from a comparison of NIRS calibration models 
based on individuals that have reached maximum length and 
continued to age with adequate sample numbers for both the 
largest size and older ages from the one species. A suitable 
candidate could be the North Pacific spiny dogfish (Squalus 
suckleyi), which has been age validated to 52 years by bomb 
radiocarbon (Campana et al., 2006; Ebert et al., 2010). The 
size of the species asymptotes at around 100 to 130 cm and 
about 35 years in the northeast Pacific and then they con- 
tinue to live for quite a few years without increasing in length 
(Ketchen, 1975; Orlov et al., 2011; Tribuzio and Kruse, 2012). 

The NIRS shark study found that calibration models 
accurately predicted the older ages of the piked spurdog 
and Philippine spurdog but not the older ages of the great 
hammerhead and spot-tail shark (Rigby et al., 2014, 2016b). 
The older age classes were much better represented in the 
calibration samples for both dogfish species than for the 
great hammerhead and spot-tail shark. The lack of propor- 
tional representation of the older ages in the latter species 
may have affected the ability of the calibration models to 
accurately predict their older ages (Rigby et al., 2016b). 
Alternatively, it is possible that age underestimation by tra- 
ditional band counts could have caused poor relationships 
between the older ages and their corresponding NIR spectra 
because incorrect older ages would have been used as the 
reference data (Rigby et al., 2016b). Age underestimation 
based on vertebral band pair counts has been identified for 
older individuals of some shark species and is likely caused 
by either difficulty in discerning and correctly counting the 
closely spaced band pairs or cessation of band pair deposi- 
tion (Andrews et al., 2011; Campana et al., 2002; Francis et 
al., 2007; Harry, 2017; Passerotti et al., 2014). 
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11.3.4 Instruments 

Instruments for NIRS are widely available in industrial 
and research organizations (Ferrari et al., 2004; Swarbuck, 
2014). There are many different configurations and types of 
instruments and many ways to bring the light to the sam- 
ple in order to be able to collect the NIR spectrum. A very 
wide range of instrument configurations have been used in 
ecological studies, including benchtop instruments and por- 
table handheld instruments, and these can have either a fixed 
light source or a fiber-flexible optic probe for collecting the 
spectra (Kirchler et al., 2017; Plans et al., 2013; Vance et al., 
2016). Benchtop instruments are the standard in many agri- 
cultural research laboratories. These tend to have the advan- 
tages of higher signal-to-noise ratios compared to handheld 
instruments, as well as higher resolution and a wider spec- 
tral range. Nonetheless, the performance of many handheld 
instruments can be good, and the errors and limitations may 
be acceptable for the intended application (Alcala et al., 
2013; Herberholz et al., 2010). 

Different types of instruments do not record identical 
spectra, and instruments of the exact same model may vary 
from one another in terms of the spectra that are obtained. 
Overcoming this issue involves sharing collections of diverse 
samples and chemometric expertise to ensure that the cali- 
brations are performing identically on different instruments. 
It would be ideal if these calibrations could be shared among 
different laboratories all working on the same species of 
shark. Such approaches are used in very high throughput 
agricultural analyses (e.g., protein concentration in wheat), 
but it is not a simple process (Fearn, 2001; Feudale et al., 
2002). Larger sample sets would be required for both cal- 
ibration and validation than have been collected in NIRS 
studies of sharks to date, and the expertise of instrument 
specialists would be necessary. 

It may be simpler to physically share these shark samples 
and use them to collect spectra on separate instruments in 
different laboratories to generate calibration models that can 
be used locally. Alternatively, a single research center or sin- 
gle instrument configuration may serve as the means where 
spectra are collected and the spectra files distributed to the 
original researchers. Given the current status of NIRS in 
ageing sharks, these latter two options are probably the most 
feasible way to build expertise and a research community. 


11.4 OTHER POTENTIAL USES 
OF NIRS FOR SHARKS 


A recent review of NIRS in wildlife and ecology described 
a very wide range of applications in insects, amphibians, 
birds, and mammals (Vance et al., 2016). In all of these 
studies, the lack of a requirement for extensive sample 
preparation together with the speed of spectra collection 
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are attractive features. Although most applications have 
been for simple traits, such as the chemical composition of 
plant material, the number of applications targeting com- 
plex traits is increasing. Compared to some other ecologi- 
cal applications of NIRS, estimating the age of sharks is a 
complex trait. Based on work in terrestrial systems, there 
are several other possible traits of sharks that may be ame- 
nable to the NIRS approach. These include the reproduc- 
tive stages of sharks, parasitism, and geographic origins. 
Many of these applications rely on the ability of NIRS 
to discriminate individuals and thus provide a means of 
grouping them into different categories; for example, NIRS 
has proven to be an excellent aid to identifying cryptic spe- 
cies of insects (Vance et al., 2016). NIRS may be useful 
for stock structure discrimination in sharks, as principal 
component analysis of NIR spectra was able to discrimi- 
nate snapper caught in the northern and southern Gulf St 
Vincent, South Australia (Robins et al., 2015). Relative to 
alternatives for species identification, such as an expert 
taxonomist, molecular analysis, or stable isotope analysis 
(see Chapter | in this volume) for geographic variation, 
NIRS offers a fast and cost-effective approach. Overall, if 
there is a trait for which compositional variation between 
groups is considered possible, then NIRS may provide a 
means of detecting that variation. 


11.5 SUMMARY AND CONCLUSION 


Near-infrared spectroscopy is a novel analytical approach 
to shark ageing which, when employed with validated or 
verified shark ages, is a cost-effective means of ageing large 
numbers of sharks. Although it must be used in concert with 
traditional ageing to develop and validate calibration mod- 
els, it then has the ability to rapidly, accurately, and reliably 
predict shark ages from the NIR spectra of vertebrae or fin 
spines. The method offers the advantages of being nonde- 
structive and low in cost and requiring minimal sample prep- 
aration. The NIRS approach offers the potential for nonlethal 
ageing using dorsal fin spines and fin clips, thus potentially 
significantly reducing the numbers of sharks lethally sam- 
pled. The method accurately predicts the ages of ecologically 
and biologically diverse shark taxa from both vertebrae and 
dorsal fin spines and hence is likely to be applicable to a wide 
range of shark, ray, and chimaerid species. 
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12.1 INTRODUCTION 

The only previous review of photographic identification of 
sharks (Marshall and Pierce, 2012) considered what was 
then seen as a relatively new technique that still struggled 
for acceptance with some peer reviewers and editors. In the 
years since, the use of photographic identification (hence- 
forth referred to as “photo-ID”’) has been widely and rapidly 
adopted, and photo-ID has become a standard method in 
studies of elasmobranch population ecology, movement, and 
social behaviors. A small number of large, semiautomated 
(and, increasingly, fully automated) collaborative online 
databases are routinely used to facilitate data sharing among 
research groups. The ubiquity of underwater camera sys- 
tems has led to a dramatic increase in the volume of visual 
data posted online. The continuing development of com- 
puter vision and machine learning capabilities means that 
the use of photo-ID will continue to expand, with artificial 
intelligence systems enhancing, automating, and assuming 
responsibility for many of the processes and decisions that 
are currently performed manually. 

Here, we define photo-ID as the “recognition of indi- 
vidual fish through their distinctive natural markings, 
recorded via photographs or video.” Photo-ID has been 
used in elasmobranch studies since at least the early 1970s 
(e.g., Myrberg and Gruber, 1974). Pigmentation spots, body 
markings, scars, and fin morphology have all been used as 
photo-ID characteristics for a variety of shark and ray spe- 
cies. We are not aware of photo-ID techniques being used in 
chimaeras; many of these species live in deep water, and the 
more accessible species have not, as yet, been shown to be 
individually identifiable. 

The popularity of photo-ID has been enhanced by the 
increasing use of waterproof digital cameras by scientists 
and marine tourists, such as scuba divers and snorkelers, 
who are being recruited directly as “citizen scientists” to 
contribute data to broader research efforts or indirectly 
through data-mining social media. The non-invasive nature 
of photo-ID (i.e., animals do not have to be touched or 
restrained) and the inbuilt data validation that it offers, 
because researchers are able to directly examine original 
photographs and potentially consult independent computer 
vision algorithms for confirmation (Bonner and Holmberg, 
2013), allow such efforts to be easily applied to studies 
of elasmobranch species that are popular focal species in 
marine tourism, such as manta rays (Mobula spp.), whale 
sharks (Rhincodon typus), and white sharks (Carcharodon 
carcharias). The routine sharing of images via online social 
media websites and apps and the ability of researchers 
to solicit data through such platforms have also played a 
significant role in expanded participation in these studies 
(Davies et al., 2012; Robinson et al., 2016). In this chapter, 
we present a guide for successful photo-ID studies. We con- 
sider the current and potential uses of photo-ID as a study 


SHARK RESEARCH: EMERGING TECHNOLOGIES AND APPLICATIONS FOR THE FIELD AND LABORATORY 


method and examine how contemporary developments in 
computer science are likely to influence and enhance our 
use of photographs and videos for science. 


12.2 ADVANTAGES OF PHOTO-ID 


Recognition of individuals within a study species is a funda- 
mental requirement for population biology and demography 
research. The use of marker tags has a long and illustrious 
history in elasmobranch studies, and they continue to pro- 
vide novel information on life-history variables, stock status, 
reproductive behavior, migrations, and distribution patterns. 
A review of tagging studies by Kohler and Turner (2001) 
reported that 64 studies had already used conventional 
marker tagging in 101 species of shark at that time, and that 
number has steeply increased since. However, tagging stud- 
ies have a number of general limitations and associated prac- 
tical issues. Most challenges stem from the potential for tags 
to be shed, removed, damaged, or biofouled, thereby limit- 
ing their effective lifespan in population studies (Dicken et 
al., 2006; Graham and Roberts, 2007; Kohler and Turner, 
2001; Pierce et al., 2009; Rowat et al., 2009). Reliable re- 
identification through individual tag numbers or color codes 
of damaged or heavily fouled tags can also be challenging. 
Conventional tagging can also be detrimental to individual 
fitness, may affect natural behavior (Dicken et al., 2006; 
Feldheim et al., 2002; Fouts and Nelson, 1999; Manire and 
Gruber, 1991; Wilson and McMahon, 2006), and could lead 
to increased mortality (Stansbury et al., 2015). The reper- 
cussions of these issues depend on the objectives of the 
research and the focal species. Some studies, such as age 
validation, require only small numbers of animals to retain 
tags over time to be successful (Pierce and Bennett, 2009; 
Smith et al., 2003). In other circumstances, a high rate of tag 
shedding can mean that re-sighting rates have to be treated 
as unreliable or used with caution (Rowat et al., 2009). 

Photo-ID presents an appealing alternative or supplement 
to conventional tagging techniques in certain situations. The 
presence of natural identification marks can eliminate the 
need for physical marker tags, thus providing a more perma- 
nent means of identifying individuals (Dudgeon et al., 2008; 
Rowat et al., 2009), and marks can be easy to distinguish 
at a distance. Photo-ID also avoids some of the problems 
of tags being shed, removed, or fouled and, depending on 
field practices, can also minimize the risk of inducing stress 
or behavioral issues. Many shark and ray species are dif- 
ficult to capture and handle due to their large size or inac- 
cessibility, and photo-ID offers an alternative approach for 
identification. 

Photo-ID has also become an attractive option for 
researchers seeking to minimize disturbing sensitive pop- 
ulations or threatened elasmobranch species, particularly 
in cases where the interested public may have a negative 
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view of more invasive research methods. Controversy over 
shark tagging has rarely been discussed in the scientific 
literature (but see Hammerschlag et al., 2014; Jewell et al., 
2011), although we are aware of a number of additional 
cases where significant opposition has arisen from commu- 
nity groups due to perceived harm, visual disfigurement, or 
behavioral avoidance by the target species. These percep- 
tions may have a dubious factual basis, but a lack of local 
support for research activities can be detrimental to con- 
servation and outreach efforts. The non-invasive nature of 
photo-ID means that it can be relatively simple to conduct 
research off platforms of opportunity, such as tourist ves- 
sels, and to maximize data collection and outreach poten- 
tial through the incorporation of citizen science programs 
into field studies (Davies et al., 2012; Gallagher et al., 2015; 
Germanov and Marshall, 2014; see also Chapter 16 in this 
volume). 

Although photographic equipment can be an expen- 
sive initial outlay, costs tend to remain relatively inexpen- 
sive compared to electronic tags, and ongoing expenses of 
maintenance or service are minor in comparison to satellite 
tagging fees or maintaining passive acoustic receiver arrays. 
Because scientists usually use off-the-shelf consumer prod- 
ucts in their work, many researchers, students, and volun- 
teers already own suitable cameras and lenses for photo-ID 
studies. Image capture and processing are also relatively 
simple and easily trainable, thus broadening the potential 
pool of study participants. 


12.3. WHAT ARE THE RULES FOR 
SUCCESSFUL PHOTO-ID STUDIES? 


Photo-ID is not suitable for all elasmobranch species. The 
technique has two specific assumptions: (1) individuals can 
be reliably distinguished from one another, and (2) individu- 
als can be re-identified over time. 

12.3.1 Distinguishing Individual Sharks 

Many elasmobranchs have natural pigmentation patterns on 
their skin that act as a unique “fingerprint” for each individual 
(Figure 12.1). Examples include the spots on the dorsal sur- 
faces of spotted eagle rays (Aetobatus narinari) (Corcoran 
and Gruber, 1999), on the ventral surfaces of reef manta 
rays (Mobula alfredi) (Kitchen-Wheeler, 2010; Marshall et 
al., 2011), or on the flanks of whale sharks (Taylor, 1994), 
zebra sharks (Stegostoma fasciatum) (Dudgeon et al., 2008), 
and sand tiger sharks (Carcharias taurus) (Bansemer and 
Bennett, 2008; Van Tienhoven et al., 2007). Other natural 
patterns, such as the irregular countershading boundaries 
on white sharks, are also used (Domeier and Nasby-Lucas, 
2007). Some species can be distinguished by the color, 
shape, or notches in their dorsal fins, such as white sharks 
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(Anderson et al., 2011; Hewitt et al., 2017), blacktip reef 
sharks (Carcharhinus melanopterus) (Porcher, 2005), and 
basking sharks (Cetorhinus maximus) (Gore et al., 2016). 
Scars, bite marks, fin morphology, and deformities may be 
useful in the absence of intrinsic patterns (Anderson et al., 
2011; Castro and Rosa, 2005; Klimley and Anderson, 1996; 
Sims et al., 2000) and may also help in secondary confirma- 
tion where patterns are present (Marshall et al., 2011). 

Most studies employing photo-ID methods have reported 
100% of individuals to be recognizable, including whale 
sharks (Meekan et al., 2006), spotted eagle rays (Corcoran 
and Gruber, 1999), adult zebra sharks (Dudgeon et al., 
2008), white sharks (Domeier and Nasby-Lucas, 2007), 
whitetip reef sharks (Triaenodon obesus) (Whitney et al., 
2011), and reef manta rays (Marshall et al., 2011). Some spe- 
cies, however, exhibit lower percentages of identifiable indi- 
viduals, such as the 54.8% of nurse sharks (Ginglymostoma 
cirratum) reported by Castro and Rosa (2005) and 83% of 
basking sharks in Scotland (Gore et al., 2016). A photo-ID 
study on sicklefin lemon sharks (Negaprion acutidens) in 
French Polynesia determined that the uniform color of the 
focal species, combined with the poor resilience of small 
spots or color aberrations, resulted in this species being dif- 
ficult to identify from natural coloration alone (Buray et 
al., 2009). Furthermore, the assumption of equal individual 
identifiability across all life stages has not been addressed 
for any species, and morphometric changes may alter pat- 
terning or the applicability of computer vision to analyze it. 
Although modeling techniques may also be able to compen- 
sate, to some extent, for species where a minority of indi- 
viduals are not identifiable (Hunt et al., 2017), consideration 
must be given to determining whether photo-ID is preferable 
to conventional tagging where the percentage of identifiable 
individuals is low (Pratt and Carrier, 2001). 

Even in species with distinct markings, practical consid- 
erations may favor tagging over photo-ID. Individuals may 
be difficult to photograph in their natural environment (e.g., 
elusive, pelagic, or deepwater species; those living in turbid 
environments), or large population sizes and low re-sighting 
rates render the collation and management of a photo-ID 
library logistically difficult. Photo-ID is most useful—and 
generally applied—in species that have distinctive mark- 
ings, that concentrate reliably in areas accessible to obsery- 
ers, and that are reasonably easy to approach and photograph 
(Marshall et al., 2011). 


12.3.2 Re-identifying Individuals Over Time 


Individual natural markings must allow for re-identification 
over time. Animals that have markings caused by fungal 
infections, or where color is in the mucus layer on the skin 
rather than the skin itself, have not yet been shown to be reli- 
ably identifiable over sufficient time frames. Natural ventral 
markings, in the form of spots and shading, are present from 
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Figure 12.1 
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Examples of photo-identifiable sharks and rays: (A) flank spotting on zebra shark (Stegostoma fasciatum); (B) ventral pig- 


mentation and spots on reef manta ray (Mobula alfredi); (C) flank spotting on whale shark (Rhincodon typus); (D) flank 
pigmentation gradient and (E) dorsal fin notches on white sharks (Carcharodon carcharias). (Photo credits: (A,B) Andrea 
Marshall; (C) Simon Pierce); (D) Morne Hardenberg; (E) Alison Kock.) 


before birth in species such as reef manta rays (Marshall et 
al., 2008) and are not thought to change over the course of 
an individual’s life span (Couturier et al., 2012). Although 
the long-term stability of individual markings has been 
documented in multiple elasmobranch species—to over 10 
years in blacktip reef sharks (Mourier et al., 2012; Porcher, 


2005), over 20 years in both white sharks and whale sharks 
(Anderson et al., 2011; Norman and Morgan, 2016), and 30 
years in reef manta rays (Couturier et al., 2014)—the lon- 
gevity of markings is species specific. Therefore, validat- 
ing their stability across life stages is an important test for 
photo-ID studies. 
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Minor pigmentation changes and accumulation of fin 
damage have been noted in multiple studies, particularly 
of white sharks, although these were a small minority of 
individuals in each study population (Domeier and Nasby- 
Lucas, 2007; Robbins and Fox, 2013; Towner et al., 2013). 
Scars, wounds, nicks, and scratches may transform or com- 
pletely heal over time (Anderson et al., 2011; Castro and 
Rosa, 2005; Domeier and Nasby-Lucas, 2007; Marshall 
and Bennett, 2010a; Pratt and Carrier, 2001). The intensity 
of body coloration has also been reported to change over 
short time periods (Ari, 2014). Depending on the severity 
of the changes to identifiable markings, photo-ID confirma- 
tion may be compromised if individuals can no longer be 
matched with certainty, an issue equivalent to tag loss in 
mark-recapture studies using conventional tags. It is impor- 
tant to note, and preferably quantify, the potential for indi- 
viduals to become less identifiable over time, as this can lead 
to overestimation of abundance and underestimation of resi- 
dency (Gubili et al., 2009; Towner et al., 2013). 

The stability of natural marks is easiest to assess 
through some form of double tagging—that is, using an 
independent feature to confirm individual identification. For 
example, conventional tags may be applied to a proportion 
of observed individuals to validate natural pattern stability 
over the study period (Dudgeon et al., 2008). Alternatively, 
positive identification can also be achieved by using more 
than one identifying feature on species where patterns or 
scarring are reasonably stable, such as using both sides 
of the animal or using a combination of natural markings 
and scarring (Domeier and Nasby-Lucas, 2007; Kitchen- 
Wheeler, 2010; Marshall et al., 2011; Meekan et al., 2006; 
Norman and Morgan, 2016), or by adding a completely 
separate analytical technique, such as individual genotyp- 
ing (Gubili et al., 2009). Validation can alternatively be 
achieved in partnership with aquariums that house speci- 
mens of a desired species by closely monitoring natural 
coloration or distinctive markings over time, particularly 
ontogenetic shifts at a certain age or size class (Bansemer 
and Bennett, 2008). Routine collection of additional meta- 
data, such as sex, maturity status, and size, also provides a 
useful means of verification. 

If ontogenetic shifts in the natural markings of focal spe- 
cies are understood and accounted for, photo-ID may still 
be successfully employed as long as markings remain stable 
over the duration of the study (Arzoumanian et al., 2005; 
Dudgeon et al., 2008). Similarly, identifications are often 
based largely on scarring patterns in species where dis- 
tinctive natural markings are absent. Younger animals are 
unlikely to show as many scars, accumulated bite wounds, 
or reproductive marks, making identification of these age 
classes challenging. Removing certain size or age classes 
from studies, such as by focusing on individuals of over a 
minimum size, may be effective in cases where the propor- 
tion of unidentifiable individuals in the population can be 
reliably established (Wilson et al., 1999). 
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12.4 APPLICATIONS OF PHOTO-ID 
IN SHARK RESEARCH 


This overview is not intended to consider all potential appli- 
cations, but some of the common uses of photo-ID are pre- 
sented here. 

12.4.1 Residency and Movement 

Many sharks and rays, even highly mobile species, frequent 
specific sites (Chapman et al., 2015). This site fidelity has 
long been evident from telemetry studies and has simi- 
larly been documented with photo-ID studies (Anderson 
and Goldman, 1996; Anderson et al., 2011; Bansemer and 
Bennett, 2009; Marshall et al., 2011). Individual sharks may 
use aggregation areas year-round (Cagua et al., 2015), but 
other sites are characterized by seasonal or aperiodic visi- 
tation (Kock et al., 2013; Luiz et al., 2009; Norman and 
Morgan, 2016). Most elasmobranch population studies using 
photo-ID have focused on larger, migratory species, but spe- 
cies such as bull sharks (Carcharhinus leucas), zebra sharks, 
and wobbegong sharks (Orectolobus spp.) that aggregate in 
specific locations or have small home ranges have also been 
investigated (Brunnschweiler and Baensch, 2011; Carraro 
and Gladstone, 2006; Castro and Rosa, 2005; Dudgeon et 
al., 2008; Lee et al., 2014). 

Photo-ID can be used to evaluate intersite movements; for 
example, reef manta ray movements were established among 
Komodo National Park, Nusa Penida, and the Gili Islands 
in Indonesia (Germanov and Marshall, 2014). Migrations 
over hundreds of kilometers occur along the eastern coast 
of Australia among reef manta rays (Couturier et al., 2011, 
2014) and sand tiger sharks (Bansemer and Bennett, 2009; 
Barker and Williamson, 2010). Photo-ID, combined with 
satellite telemetry, even documented a white shark complet- 
ing a return migration between South Africa and Western 
Australia (Bonfil et al., 2005). 

Several international photo-database collaborations have 
provided insights into the broad-scale movements (or lack 
thereof) in whale sharks. These have used either the online 
Wildbook for Whale Sharks photo library (www.whale- 
shark.org) (Arzoumanian et al., 2005) or the downloadable 
Interactive Individual Identification System (13S; http:// 
www.reijns.com/i3s) (Speed et al., 2007; Van Tienhoven et 
al., 2007), both of which semiautomate the photo-matching 
process. Brooks et al. (2010) and Andrzejaczek et al. (2016) 
found minimal evidence of population-level interchange 
among known whale shark feeding areas in the Indian 
Ocean, although later studies have shown routine movement 
among countries in the Arabian region (Robinson et al., 
2016) and between Mozambique and South Africa (Norman 
et al., 2017). Regional movements of whale sharks have 
also been examined in the Western Atlantic, where regular 
movements were shown between Belize, Honduras, Mexico, 
and the United States (McKinney et al., 2017). Individual 
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re-sightings occurred between Australia and Indonesia, rep- 
resenting perhaps the longest distance re-sighting to date 
via photo-ID (~2700 km) (Norman et al., 2017); between 
Mozambique and Tanzania (~1800 km) (Norman et al., 
2017); and between the Philippines and Taiwan (~1600 
km) (Araujo et al., 2016). Such collaborative efforts require 
standardized techniques and often data-exchange among 
research groups. Several other global photo-library initia- 
tives are underway, such as MantaMatcher (www.manta- 
matcher.org) (Germanov and Marshall, 2014; Town et al., 
2013), ID the Manta (www.mantatrust.org/make-a-differ- 
ence/id-the-manta), and a white shark database (Hughes and 
Burghardt, 2017), so it is likely that more regional- to global- 
scale studies will be developed in the near future. 


12.4.2 Population Size and Demographics 


When photo-ID data are combined with location and date— 
time metadata, three fundamental data points underpinning 
population ecology are established: who, when, and where. 
These data can then be entered into open or closed cap- 
ture—mark—recapture (CMR) models or, more specifically, 
“sight-resight” models, to estimate a variety of population 
parameters, including abundance, trajectory, sex and size 
ratios, survival rate, capture probability, and others (Hewitt 
et al., 2017; Williams et al., 2002), when the assumptions 
of the underlying analytical models are met. Photo-ID is 
well-suited for this purpose because individuals can be 
monitored and non-intrusively re-identified over short or 
longer time periods. These identified animals can then be 
used to investigate seasonal or annual population size within 
the area of interest (Castro and Rosa, 2005; Chapple et al., 
2011; Couturier et al., 2014; Deakos et al., 2011; Dudgeon 
et al., 2008; Holmberg et al., 2009; Marshall et al., 2011; 
McKinney et al., 2017; Meekan et al., 2006; Rowat et al., 
2009). Use of photo-ID may provide an advantage in such 
studies, as results are less likely to be affected by loss of fit- 
ness or mortality resulting from handling or biased through 
avoidance behavior by the identified individuals, as could be 
the case with conventionally tagged individuals. Photo-ID 
also provides access to a potentially greater volume of data 
for intensive modeling if related tourism is present and 
can be engaged in concurrent data collection. Care must 
be taken, however, to understand and account for potential 
biases in externally sourced data. 

Many of the species that have proven suitable for moni- 
toring with photo-ID techniques are also globally threat- 
ened. Tracking changes in abundance and survivorship over 
time can thus provide valuable information on the decline 
or recovery of these elasmobranchs (Bradshaw et al., 2007; 
Holmberg et al., 2008, 2009; Hewitt et al., 2017), and photo- 
ID can also be used to avoid issues with counting the same 
individual more than once in sighting-based studies (Rohner 
et al., 2013). That being said, it is possible to inadvertently 
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bias the results of these models in cases where individual 
sharks vary in their behavior. This issue is discussed further 
in Section 12.5. 


12.4.3 Social Behavior 


Photo-ID studies have often focused on areas where sharks 
aggregate, thereby enabling the study of social interactions 
between individuals (Jacoby et al., 2012). For example, bon- 
nethead sharks (Sphyrna tiburo), maintained in a captive 
environment and identified using spot patterns, scars, and fin 
tears, formed size-based dominance hierarchies (Myrberg 
and Gruber, 1974). Fin morphology of blacktip reef sharks 
allowed Mourier et al. (2012) to show that these sharks 
formed stable, long-term social bonds in French Polynesia. 
On the other hand, white sharks identified by their dorsal fins 
during chumming activities in South Africa co-occurred at 
random, displaying no preference or avoidance toward par- 
ticular individuals, although there was a weak tendency for 
sharks to co-occur with individuals of similar size and the 
same sex (Findlay et al., 2016). 


12.4.4 Support for Biology and Ecology Studies 


Photo-ID can be a useful complement to studies of size 
at maturity (Acufia-Marrero et al., 2014; Deakos, 2010; 
Marshall and Bennett, 2010b; Norman and Stevens, 2007; 
Ramirez-Macias et al., 2012; Rohner et al., 2015), gesta- 
tion period and reproductive periodicity (Bansemer and 
Bennett, 2011; Deakos et al., 2011; Marshall and Bennett, 
2010b), reproductive behavior (Bansemer and Bennett, 
2011; Whitney et al., 2004; Yano et al., 1999), survivorship 
(Bradshaw et al., 2007; Couturier et al., 2014; Smallegange 
et al., 2016), growth (Norman and Morgan, 2016; Sims et 
al., 2000), and longevity (Anderson et al., 2011; Couturier 
et al., 2014; Norman and Morgan, 2016). One whale shark 
has been returning to Ningaloo Reef in Australia from 1995 
until at least 2016 (Norman and Morgan, 2016), and a male 
reef manta ray, first sighted when visibly mature in 1982, 
was re-sighted 30 years later at Lady Elliot Island on the 
Great Barrier Reef in Australia (Couturier et al., 2014). 
Where length or other body morphometrics are recorded, 
photo-ID can be incorporated to investigate individual 
growth (Graham and Roberts, 2007; Rohner et al., 2015). 
One of the advantages of photo-ID for such studies is the 
additional data that can often be collected concurrently to 
aid in interpretation of results through, for example, assess- 
ing how sexual segregation can influence residency and 
movement patterns (Bansemer and Bennett, 2009; Deakos 
et al., 2011; Robbins, 2007). Incorporating knowledge of 
breeding status, such as differences in movement patterns 
between pregnant and non-pregnant females (Bansemer and 
Bennett, 2009), can considerably advance understanding of 
the ecology and management of these animals. 
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12.4.5 Other Studies 


Photo-ID has also been used to examine predator—prey 
and competitive interactions in elasmobranchs. Marshall 
and Bennett (2010a) investigated the frequency and effect 
of shark predation on a population of reef manta rays in 
southern Mozambique by examining the size, number, and 
positioning of shark-inflicted bite wounds on individual 
rays over time. Potential predators were identified through 
bite mark analysis, and the bite wounds themselves were 
monitored to track healing rates. Wound healing in whale 
sharks (Fitzpatrick et al., 2006) and white sharks (Domeier 
and Nasby-Lucas, 2007; Towner et al., 2012) has also been 
examined in cases of shark bites, and also for human- 
induced injuries (Riley et al., 2009). A broader comparison 
between scarring frequency and origins and their influence 
on survivorship was conducted among whale shark aggrega- 
tions in Mozambique, the Seychelles, and Western Australia 
(Speed et al., 2008). Photo-ID is also a useful addition to 
studies investigating and quantifying threats such as fish- 
ing-related injuries (Bansemer and Bennett, 2008; Riley et 
al., 2009), net entanglement, and boat strike (Deakos et al., 
2011; Speed et al., 2008). 


12.5 CHALLENGES ASSOCIATED 
WITH PHOTO-ID 


Like any method, there are drawbacks, limitations, and 
potential sources of error with photo-ID studies that must be 
considered to limit bias and ensure robust results. Photo-ID 
requires both the presence of a photographer, either human 
or automated, and a relatively close approach by the ani- 
mal. The presence of boats or divers can have a significant 
effect on shark behavior, either as an attractant (Bruce and 
Bradford, 2013) or repellent (Brunnschweiler and Barnett, 
2013), particularly where provisioning tourism is a factor 
(Gallagher et al., 2015; Laroche et al., 2007). Concurrent 
photo-ID and acoustic telemetry studies have demonstrated 
that sharks may often be present in the area but not docu- 
mented via photo-ID (Brunnschweiler and Barnett, 2013; 
Cagua et al., 2015; Delaney et al., 2012), thereby underesti- 
mating residency when using photo-ID alone. This may be 
overcome in part by using alternative approaches that have 
less influence on shark behavior, such as rebreather diving 
systems rather than open-circuit equipment (Lindfield et al., 
2014), or by using remote cameras at defined aggregation 
sites, such as cleaning stations (O’Shea et al., 2010). Passive 
acoustic receivers also have a far larger range for detection 
than visual ID approaches, typically ~500 m, and offer con- 
tinuous sampling coverage. Their disadvantages are the cost 
of purchase, installation, and maintenance and the normal 
factors associated with the use of electronic tags (see Section 
12.2). Ultimately, the use of complementary methods to 
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assess the bias associated with observer presence can add 
considerable value to a study and should be implemented 
where feasible (Brunnschweiler and Barnett, 2013; Cagua et 
al., 2015; Chapple et al., 2016; Delaney et al., 2012). 

Photo-ID is also commonly used in conjunction with 
mark-—recapture models (Section 12.4.2). Individual hetero- 
geneity in shark behavior can, however, cause bias in these 
analyses (Burgess et al., 2014), and this should be explic- 
itly tested for during modeling studies (Burnham et al., 
1987; Holmberg et al., 2009). A re-sighting bias can occur 
for individuals in which multiple sightings have already 
been obtained (Holmberg et al., 2009; Van Tienhoven 
et al., 2007). Individual differences in the sightability of 
sharks can manifest in a variety of circumstances. On a 
broad scale, heterogeneity in survivorship estimates has 
been shown in whale sharks off Western Australia, due 
to the presence of large numbers of transient individuals 
(Holmberg et al., 2008), and inferred in whale shark study 
populations in Belize (Graham and Roberts, 2007) and the 
Maldives (Riley et al., 2010). Sex- or size-based segrega- 
tion is also commonly present at aggregation sites (Jacoby 
et al., 2012). On a finer scale, size-based dominance pat- 
terns in white sharks could mean that subordinate sharks 
are excluded from the area or from the surface, leading 
to a lower probability of sightings or successful photo- 
ID (Burgess et al., 2014). If chum is being used to attract 
sharks, the sharks may also learn to ignore this stimulus 
when no food reward is offered, also leading to underre- 
porting (Laroche et al., 2007). A failure to detect previ- 
ously identified individuals that are present would lead 
to overestimation of population size, whereas a failure to 
detect unmarked individuals (such as by exclusion through 
dominance behavior) would cause the population size to 
be underestimated (Burgess et al., 2014; Irion et al., 2017). 
Therefore, careful consideration of model assumptions is 
necessary in mark—recapture studies based on photo-ID 
data (Holmberg et al., 2008, 2009). 

The issue of “tag loss” through changes in natural mark- 
ings over time has been discussed in Section 12.3.2. It is 
important to note, however, that although regular effort at a 
study site may detect fine-scale changes in identifiable char- 
acteristics as they occur, allowing individual identification 
to be continuously updated, long breaks between field work 
may lead to misidentification of previously identified indi- 
viduals and consequent overestimation of population abun- 
dance (Towner et al., 2013). 

Matching errors between photo-identified individuals, 
through either incorrect assignment of previously identified 
individuals as “new” or accidental confusion of two different 
animals with similar markings, can also occur. These can 
largely be avoided by following the photographic and pro- 
cessing workflow discussed in the following section (Section 
12.6), although neither human nor algorithmic matching is 
100% accurate (Andreotti et al., 2017; Dureuil et al., 2015; 
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Speed et al., 2007; Van Tienhoven et al., 2007). Increased 
automation, particularly when combined with larger pho- 
tographic databases, is likely to lead to a larger number of 
incorrect assignments by matching algorithms (in absolute 
terms). It is therefore important to quantify and incorporate 
this error rate into analyses using these datasets. This issue 
is discussed further in Section 12.7. 


12.6 PRACTICAL CONSIDERATIONS 
FOR PHOTO-ID 
12.6.1 Photographic Equipment 
Photography (either still photography or videography) is 
generally agreed to be the best method of recording the 
appearance of natural markings or scars. Photographs can 
freeze motion and record extremely detailed information, 
allowing individuals with similar markings or scars to be 
reliably separated from one another. Photographs also 
allow a permanent record to be kept for each encounter that 
can be examined in detail at a later stage and verified by 
independent observers. Standardized images can also be 
used in current or future identification software programs 
to fully or partially automate the image matching process 
(Arzoumanian et al., 2005; Hughes and Burghardt, 2017; 
Speed et al., 2007; Van Tienhoven et al., 2007). 
It is no coincidence that the popularity of photo-ID as 
a research technique has grown in conjunction with the 
increasing use of digital photographic equipment (Markowitz 
et al., 2003). Digital cameras allow confirmation that suit- 
able pictures have been captured in the field and simplify 
post-processing workflow, computer-assisted matching, and 
the storage of images. Decisions on the specific equipment 
requirements (cameras, lenses) are best made on a case-by- 
case basis. Digital single-lens reflex (DSLR) cameras, mir- 
rorless cameras, and compact cameras, as well as “action 
cameras,” such as the GoPro™ line and other video cam- 
eras, are all in routine use in current studies. Earlier stud- 
ies have found that video footage was seldom clear enough 
for successful extraction of photo-IDs (Meekan et al. 
2006), but modern video cameras (shooting in high-def- 
inition, 4K, or higher resolutions) usually produce accept- 
able frame grabs in reasonable water visibility (Dureuil et 
al., 2015). At the time of writing, advanced DSLR cameras 
still have some autofocus advantages over most mirrorless 
and compact cameras which may be particularly useful in 
dorsal fin photo-ID studies, but the gap is rapidly narrow- 
ing. Underwater, advanced compact cameras and mirrorless 
cameras have advantages in reduced size and system cost, 
although the cost of a complete system, particularly if one or 
more flash units are required, is still significant. Almost all 
modern cameras have sufficient resolution for scientific stud- 
ies. If color correction is required for images, which is rou- 
tinely the case for underwater images, a camera that shoots 
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raw images (DNG or the equivalent proprietary format) is 
advantageous because these contain significantly more data 
than images processed in-camera. However, they do require 
more manual processing time, which may not be a worth- 
while trade-off in photo-ID studies (Gore et al., 2016). 

Large sharks or rays, such as whale sharks or manta rays, 
are best photographed with rectilinear wide-angle or even 
fisheye lenses (the latter is the personal preference of authors 
SJP and ADM). These lenses have an ultrawide field of view 
that can capture a large portion of the entire animal in a 
single frame, often capturing a view of additional data such 
as scars, deformities, or sex. However, compensation for dis- 
tortion may be necessary with this type of lens to avoid mis- 
representation of patterns, particularly if measurements are 
being obtained from photographs (Bansemer and Bennett, 
2008; Deakos, 2010). Where images are significantly dis- 
torted, to the extent that computer-based image analysis on 
natural markings is affected, such distortion could prevent 
automated individual identification from images. Above the 
water, a telephoto zoom lens will often be appropriate for 
photographing dorsal fins as they break the surface. In some 
cases, artificial lighting (generally through external flash 
units or video lights) or color-correction filters are useful to 
capture detailed natural markings properly in filtered under- 
water light (Marshall et al., 2011). 


12.6.2 Standardizing Identification 


A standardized area or areas on the animal’s body should 
be chosen for each species. A good reference area will be 
easy to reliably photograph on a free-swimming shark while 
also minimizing the influence of the photographer on the 
animal’s natural behavior. For species that have differing 
patterns or marks on either side of their body it is generally 
considered best practice to photograph the spot patterns or 
scarring on one predetermined side of the animal consis- 
tently (e.g., the left side) to avoid double-counting individu- 
als, as this could lead to overestimation of population size 
(Arzoumanian et al., 2005; Dudgeon et al., 2008; Meekan et 
al., 2006; Van Tienhoven et al., 2007; Whitney et al., 2011), 
although both sides should be photographed whenever pos- 
sible (Bonner and Holmberg, 2013; Domeier and Nasby- 
Lucas, 2007). Taking photographs of multiple standardized 
areas (e.g., dorsal and ventral surfaces, or both left and right 
sides of the body) can make re-sighting identification easier 
and more accurate by allowing for independent confirmation 
(Dureuil et al., 2015; Robbins and Fox, 2013). Where scars 
or marks are used as identifying features, assigning a stan- 
dardized area (e.g., dorsal fin) is also appropriate (Anderson 
et al., 2011). Reference points (i.e., body parts that can be 
used to help scale and rotate the image appropriately) may 
be required by software-matching systems (Speed et al., 
2007; Van Tienhoven et al., 2007). Using a reference point, 
such as the area just behind or between the gill slits or pec- 
toral fins, is also a good way to ensure that the photographed 


PHOTOGRAPHIC IDENTIFICATION OF SHARKS 


area remains consistent. If a photographic study includes 
historical images or those donated by the public, using areas 
that appear consistently in non-specialist photographs is also 
an important consideration. 


12.6.3 Minimizing Sources of Error 


Aside from the previously discussed requirements for vali- 
dation and standardization, a series of other workflow steps 
should be implemented to ensure accurate matches. In the 
field, collection of photo-[Ds may be influenced by envi- 
ronmental conditions such as wind, swell, glare, visibility, 
or currents. This variation in detectability is important to 
account for when standardizing for effort in data analyses, 
and detailed field logs should be filled out for each photo-ID 
survey (Evans and Hammond, 2004; Rohner et al., 2013). 

Several basic procedures can be implemented to avoid 
accidental misidentification of individuals in the field. It is 
useful to take a photograph of a survey sheet or hand signals 
between each animal, particularly where multiple photos of 
each individual are taken, so as to associate photos with that 
individual and distinguish it from any following encounters 
(Evans and Hammond, 2004). This is particularly the case 
where a manual assessment of sex and size is made. The 
camera should be set to the local time and date. Careful 
downloading, storage, and labeling of images is also neces- 
sary to prevent confusion regarding when the photographs 
were taken and where they were sourced from. Photographs 
should be cataloged carefully; for example, photographs 
from a particular survey could be imported into folders 
arranged in a hierarchical format, such as year, month, and 
day. Images should be taken perpendicular to the area of 
interest because the perspective and perception of markings 
can change with the movement of the animal or the posi- 
tion of the photographer (Bansemer and Bennett, 2008; Van 
Tienhoven et al., 2007), resulting in increased potential for 
false-negative matches. 

Training programs and reference images are useful for 
maintaining data quality. This is particularly important 
when images from citizen scientists are solicited. Although 
such programs can provide an extremely useful boost to 
the quantity and geographical extent of data collected, it 
is important to maintain quality and consistency within 
the dataset that is actually used for matching (Gubili et 
al., 2009). It can be useful to develop explicit criteria that 
must be met for photographs to be included in the matching 
dataset. Matching itself can also be sped up and made more 
accurate by categorizing images by metadata such as sex 
and size (Marshall et al., 2011) or the patterns of coloration 
or shape that may be relevant to ID classification (Domeier 
and Nasby-Lucas, 2007; Gore et al., 2016). It is important 
to note that when more than one person is matching images 
there exists a potential for bias. Thus, implementing a peer- 
review system for identifications is a useful means of quality 
control in photographic datasets (Holmberg et al., 2009). 
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12.7 COLLABORATIVE DATABASES AND 
COMPUTER-ASSISTED MATCHING SYSTEMS 


Collaboration and increased automation are helping photo- 
ID studies to achieve greater breadth and depth of coverage 
for sharks. However, these advances also come with new 
challenges for humans and wildlife. 

12.7.1 Collaborative Databases 

Collaboration in photo-ID is a clear pathway to overcom- 
ing individual project resource constraints by engaging 
other research efforts, overlapping tourism activities (e.g., 
diving, snorkeling) and the public in both data collection 
and potentially curation, analysis, and publication as well. 
Collaborative photo-ID projects have reported over 10x 
increases in data collection through collaboration with tour- 
ists, enabling more detailed models for population analysis 
(Holmberg et al., 2008, 2009), and they have linked shared 
populations of migratory whale sharks across political, geo- 
graphic, and individual research project boundaries in the 
Gulf of Mexico and Caribbean (McKinney et al., 2017). 
Collaborative platforms and communities provide a power- 
ful foundation for new inquiries among existing researchers, 
a foundation for the rapid start-up of new field sites, and an 
open environment for novel, unanticipated, and indepen- 
dent results from disparate participants (Araujo et al., 2016; 
McKinney et al., 2017; Robinson et al., 2016). Collaboration 
between scientists and citizen scientists (through data col- 
lection and participation in research) can also build relation- 
ships between these communities and facilitate buy-in from 
local stakeholders for the conservation of threatened species 
(see Chapter 16 in this volume). 

Critical to the success of collaborative photo-ID efforts 
is the ability to scale a project’s data collection and curation 
in an accessible, standardized, equitable, and secure manner. 
Web-based software such as the Wildbook platform (www. 
wildbook.org), which originated out of collaborative stud- 
ies of whale sharks (Arzoumanian et al., 2005; Holmberg et 
al., 2008), can provide URL-based accessibility to securely 
engage multiple stakeholders, communities, and proj- 
ects in shared data collection, management, and analysis. 
Fundamentally underpinning collaborative databases is a 
shared information architecture or schema and an accepted 
study design, allowing for a common understanding of data 
definitions and types (e.g., date format, study site boundaries, 
individual identity, GPS coordinate format) and establishing 
common protocols for data capture and management (e.g., 
optimum angles and equipment for photographing the spe- 
cies). The Darwin Core biodiversity data model (Wieczorek 
et al., 2012) provides an excellent foundation for a collabora- 
tive photo-ID schema but has required some modification to 
expressly reflect and store individual identity under photo- 
ID (Holmberg et al., 2008, 2009). One significant advantage 
of using an existing data standard, such as the Darwin Core, 
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is the ability to more easily exchange data with other facili- 
ties, such as pushing species occurrence data to the Global 
Biodiversity Information Facility (GBIF, www.gbif.org) and 
the Ocean Biogeographic Information System (OBIS, www. 
iobis.org) for long-term storage and third-party analysis. 

Although the application of new technology and the 
a priori creation of a good study design can solve many 
problems in photo-ID and scalability, the potential for 
conflict among human participants is present in collabora- 
tive projects. Shared user agreements among participants 
(especially agreements addressing publication rights, such 
as MantaMatcher’s User Agreement, http://www.man- 
tamatcher.org/userAgreement.jsp), joint approval of the 
study design, and nondisclosure agreements can help set 
expectations early, prevent misunderstandings, and define 
acceptable methods of resolution where unanticipated dis- 
agreements arise. An independent managing authority can 
also assist in conflict resolution and take responsibility for 
collaborative database advancement, promotion, mainte- 
nance, and sustainability. 


12.7.2 Data Security for Humans and Wildlife 


Care must be taken in collaborative photo-ID studies to 
protect any personal information about human participants 
(e.g., personal information about contributing members of 
the public) as well as collected photographs and metadata 
about individually identified animals. Improper exposure of 
personal data can lead to third-party harassment (e.g., email 
spamming), and improper exposure of wildlife data (e.g., 
locations, dates) could potentially be used to better target 
fishing or tourism activity, exposing the study population to 
greater impact or even mortality. Authentication, authori- 
zation (e.g., function-limiting roles for study participants), 
and accounting (AAA) software security is recommended 
for collaborative databases, especially as they grow in scope 
and participation. Wildbook provides open-source examples 
of how such security can be flexibly configured and imple- 
mented in global-scale research efforts for sharks and rays 
(e.g., Wildbook for Whale Sharks, www.whaleshark.org; 
MantaMatcher, www.mantamatcher.org; Spotashark, http:// 
www.spotashark.com). Data security should be addressed at 
the beginning of photo-ID studies and reflect species- and 
location-specific threats to personal and wildlife security. 


12.7.3 Computer-Assisted Matching 
of Individuals 


Manual (or “by eye’) matching of photographs has a declin- 
ing return on time investment. Dedicated, expert match- 
ing can achieve a high proportion of successful matches 
(Chapple et al., 2009; Gore et al., 2016), but manual pro- 
cessing of identification photographs does not scale well. As 
Duyck et al. (2015) pointed out, “at 10 seconds per com- 
parison, a 10,000-sized catalog will take approximately 15 
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person-years to analyze.” Although promising new and more 
in-depth forms of analysis, growth in data from collabora- 
tion in photo-ID can conversely slow data curation and 
introduce additional human bias in collection and curation. 

Computer assistance in photograph matching of indi- 
vidual sharks and rays has emerged as a scalable and poten- 
tially less biased method that also reduces researcher time 
and effort. Arzoumanian et al. (2005) introduced computer- 
assisted matching of whale shark photographs based on the 
natural spots on their flanks, adapting an algorithm origi- 
nally developed to match celestial star patterns between 
photographs (Groth, 1986). Van Tienhoven et al. (2007) 
introduced a simple, nearest-neighbor-based spot pattern 
matching algorithm for sand tiger sharks with the I3S soft- 
ware application. Both algorithms are now available for use 
on species with spot patterns in the open-source Wildbook 
platform (www.wildbook.org) and are specifically imple- 
mented for a global shark research community online in 
www.whaleshark.org. Other computer-assisted matching 
applications for sharks and rays have been developed by 
Hughes and Burghardt (2017) for white sharks (using the 
natural shape and notches on the trailing edge of the dorsal 
fin as a unique fingerprint) and Town et al. (2013) for manta 
rays based on natural, high-contrast markings on their ven- 
tral sides. Because multiple areas and forms of individual 
identification may exist for a single species, advancement 
of computer assistance has also introduced the need for new 
research on photographic mark—recapture modeling in the 
presence of multiple marks (Bonner and Holmberg, 2013). 

Successful implementation of one or more computer- 
assisted algorithms offers a powerful incentive for col- 
laboration, providing a demonstrable savings of time and 
effort in exchange for collaborative access to data. Such 
web-based implementations and collaborations (e.g., 
MantaMatcher) have led to new insights into whale shark 
abundance (Holmberg et al., 2008, 2009) and movement 
across borders and research catalogs (McKinney et al., 
2017). Implementation online through web-browser access 
further reduces barriers of accessibility and usability across 
borders and studies, shifting the computationally intensive 
matching operations away from disparate desktop systems 
and resource-constrained users and into more scalable 
cloud-computing environments. For example, m number 
of virtual computers and CPUs are flexibly and scalably 
engaged in Amazon Web Services (https://aws.amazon. 
com/) to quickly match 28,000+ left-side whale shark spot 
patterns in parallel for www.whaleshark.org, allowing for 
global access to rapid matching (often completed in less 
than 4 minutes) through powerful and increasingly inex- 
pensive grid computing. 

One important note about current computer-assisted 
matching systems for sharks and rays: All existing systems 
either require some amount of human intervention (e.g., 
manually mapping spots onto whale shark photos before 
computer-assisted matching) (Arzoumanian et al., 2005; Van 
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Tienhoven et al., 2007) or can be significantly optimized by 
an optional manual step, such as cropping images down to a 
predefined area of the body (Town et al., 2013) or selecting 
reference points in the image (Hughes and Burghardt, 2016). 
The required operations are generally less than 2 minutes 
per photograph and offer significant time savings overall, 
but none of the systems completely removes the burden 
of human photographic curation or human analysis of the 
resulting list of potential matches. 

In the near future, evolution of computer-assisted photo- 
ID for wildlife will significantly engage artificial intelli- 
gence (e.g., computer vision trained by deep convolutional 
neural networks) and remove systematic human involvement 
in photograph analysis (Menon et al., 2017; Parham et al., 
2017). This will enable the extraction of photographic data 
from disparate data sources, including social media (Menon 
et al., 2017), and the data mining of video archives such as 
YouTube.com. This will reduce or remove the role of human 
input in answering fundamental questions, such as whether 
the photo-IDs are of new or previously identified individu- 
als or determining how many individuals are present in the 
study population. 

Critical to a fully automated future in photo-ID are a 
number of required research efforts, including a benchmark 
of population estimates, biases, and errors from human- 
curated photo-IDs vs. fully automated computer estimates 
of the same dataset using only a cloud of photographs and 
related metadata (e.g., location, date) as inputs. Current 
population models require fixed-duration “capture” ses- 
sions with longer time periods between captures, effectively 
leaving out data that can be continuously obtained from 
collaborative activities, such as diving and snorkeling tour- 
ism. Research into continuous-time population models that 
allow for higher volumes of data to be collected at daily 
intervals could allow for more accurate parameter estimates 
and detailed ecological insights. More information is also 
needed on the relative biases involved when studies include 
multiple modes of data collection, such as data collected 
from trained researchers, from lightly or untrained tourists, 
and from social media sources (e.g., YouTube) or which are 
collected at different spatial and temporal scales. 


12.7.4 Leading the Way Forward 


Photo-ID studies for sharks and rays have significantly led 
broader efforts for computer-assisted research on wildlife 
populations. The datasets acquired and carefully curated 
over the past two decades (e.g., MantaMatcher, www.man- 
tamatcher.org; Spotashark, http://www.spotashark.com) are 
likely to provide the foundation for the development of new 
techniques in computer vision and population analysis for 
both marine and terrestrial species. Artificial intelligence 
and computer vision are already increasing data volume 
(www.whaleshark.org) and reducing the required effort for 
analysis. This trend is likely to push researchers into new 
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interactions with machines (computers, drones, etc.) and 
change roles and responsibilities within research projects, 
with an increasing focus on understanding and successfully 
implementing technology. By integrating the cameras of 
tourists and citizen scientists with research work and aug- 
menting researchers with computer vision and artificial 
intelligence, we can plausibly imagine a wildlife research 
and conservation community that is continuously informed 
about animal population sizes and their individual interac- 
tions, movements, and behaviors. 


12.8 SUMMARY AND CONCLUSIONS 


Photo-ID is a relatively simple research technique, usually 
requiring only off-the-shelf components and a basic level of 
training. Its non-invasive nature lends itself to use on oppor- 
tunistic platforms, such as tourist vessels, and the extension 
of data collection via citizen science programs, enhancing 
outreach and public engagement potential. However, the 
simplicity of photo-ID should not be confused with a lack 
of power. 

Use of photo-ID in shark research continues to increase, 
and camera sensors and battery life continue to improve. 
Cameras are getting smaller, sensors are increasing in their 
resolving power and low-light capabilities, and the number 
of potential platforms to which they can be affixed is rap- 
idly expanding. It is now possible to extract photo-IDs from 
autonomous underwater and aerial drones and dedicated 
research platforms such as animal-mounted tags, baited 
remote underwater video (BRUV) survey systems (see 
Chapter 7 in this volume), and remotely operated vehicles 
(ROVs) (see Chapter 6 in this volume). It is likely that photo- 
ID will be increasingly used in conjunction with remote 
cameras placed at such sites as cleaning stations and areas of 
feeding and reproductive importance, providing improved 
sampling coverage and standardization over time (Bicknell 
et al., 2016; Oliver et al., 2011; O’Shea et al., 2010). Taken 
together, this expansion of use-case scenarios will allow for 
photo-ID studies of species that may not be adequately sur- 
veyed by scientific or recreational divers or that live below 
normal diving depths. 

As well as being an important study methodology in 
its own right, photo-ID can facilitate or extend studies 
using complementary techniques, such as telemetry stud- 
ies, either by bolstering sample size (Guttridge et al., 2017) 
or by allowing continued long-term monitoring of indi- 
viduals following tag loss. In the case of white sharks, a 
combination of satellite tagging and photo-identification 
allowed return migration from Australian to South African 
waters to be established (Bonfil et al., 2005), and a whale 
shark was tracked from the Gulf of Mexico to the mid- 
Atlantic off Brazil and back (Hueter et al., 2013). Tagging 
and sighting data can, in fact, be combined within mark— 
recapture models to improve the precision of results and 
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to help mitigate the lower detectability of photo-ID-only 
studies (Chapple et al., 2016; Dudgeon et al., 2015, Lee et 
al., 2014). Incorporating individual IDs into other study 
methods that may include predictable biases, such as infla- 
tion of shark counts in underwater visual census (Ward- 
Paige et al., 2010) and the underestimation of abundance 
from BRUV systems (Willis et al., 2000), can also enhance 
the results obtained from these techniques. 

The resolution of modern cameras allows the extraction 
of considerable information from photographs. This could 
include details such as parasite loading (Mucientes et al., 
2008) and other individual health and fitness information, 
such as infection or body proportions. Our marine mam- 
mal research colleagues are currently well ahead in this 
area, and it is worth perusing the literature in that field 
to assess the possibilities (e.g., Hunt et al., 2013, 2015). 
Elasmobranch photo-ID studies will be enhanced with 
increasing use of photogrammetric techniques, which can 
concurrently evaluate the length, body condition, and mass 
of individuals (Shortis et al., 2009; Waite et al., 2007). 

A primary benefit of using photo-ID is the ability to 
expand data collection through integration with citizen 
science initiatives, thus enhancing collaboration oppor- 
tunities due to the ease of matching standardized photo- 
graphs among research groups. The use of photographs 
means that it is easy to verify the accuracy of public sub- 
missions and could be particularly useful for population 
studies of elasmobranchs that appear to be at lower than 
optimal densities for cost-effective dedicated surveys or 
cryptic species. Many of the larger photo-identifiable spe- 
cies, such as white sharks and basking sharks, routinely 
traverse political boundaries (Bonfil et al., 2005, 2010; 
Gore et al., 2008; Skomal et al., 2009). Photo-ID provides 
a cost-effective means of assessing population-level inter- 
change between discrete areas, the products of which can 
improve population estimates and stock delineation. To 
fulfill this potential, there is a need for standardization of 
species-specific techniques between research groups and 
increased movement toward routine data sharing. Data col- 
lection, processing, and sharing will all be facilitated by 
computer-assisted data mining and identification, enabling 
a “big data” approach to shark science. 

Photo-ID studies are steadily expanding to new species 
and sites and asking more ambitious questions. Photo-ID 
offers a useful alternative or adjunct to conventional tag- 
ging where its assumptions and practical constraints are 
met, and the widespread adoption of this research tech- 
nique through the scientific community is enhancing 
opportunities for the public to become directly involved 
in projects. This can benefit researchers while offering 
an educational experience for interested participants. As 
emerging technologies increasingly allow the diverse ecol- 
ogy and behaviors of sharks to be observed first hand, we 
hope that more and more scientists will bring their cameras 
along for the journey. 
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13.1 INTRODUCTION for by different alleles in nuclear genomes (allozymes) (e.g., 


For threatened and commercially important species, genetic 
and genomic tools promise accurate and cost-effective 
evaluations to contribute to effective conservation strate- 
gies and sustainable management (Ovenden et al., 2015; 
Willette et al., 2014). Genetics and genomic research on 
elasmobranchs has generally lagged behind studies involv- 
ing bony fish and other taxa. But, with the increasing inter- 
est in elasmobranchs as an important food resource, the 
corresponding conservation concerns (Dulvy et al., 2017; 
Simpfendorfer and Dulvy, 2017) provide motivation to har- 
ness the power of genetics and genomics (Bernatchez et al., 
2017). The earliest genetic studies on population structure 
in elasmobranchs investigated variants of enzymes coded 


Gardner and Ward, 1998; Smith, 1986). This transitioned 
into direct examination of the DNA sequence through the 
advent of the polymerase chain reaction (PCR) (Saiki et 
al., 1988) combined with nucleotide sequencing (Sanger et 
al., 1977a,b). These tools allowed elasmobranch research- 
ers to focus on the maternally inherited, haploid mitochon- 
drial DNA (mtDNA) genome. A shift back to the nuclear 
genome occurred when microsatellite loci were discovered 
(Powell et al., 1996). 

Population genetic diversity and structure can be 
deduced by comparing alternative forms of microsatellite 
loci between individuals sampled from the wild (Balloux 
and Lugon-Moulin, 2002). Furthermore, microsatellite 
alleles for individuals (genotypes) are used to examine 
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population size (Ovenden et al., 2016), relatedness and rela- 
tionships (Mourier et al., 2013), and reproductive strategies 
(Portnoy and Heist, 2012). Genomic technologies are capa- 
ble of discovering and genotyping not tens or hundreds of 
loci (as for microsatellites), but tens of thousands of loci (as 
single nucleotide polymorphisms, or SNPs), in the nuclear 
genome of almost any species. High-throughput, massively 
parallel DNA sequencing platforms (da Fonseca et al., 2016) 
enable rapid and cost-efficient genome-wide SNP marker 
discovery and genotyping. 

Carefully designed studies involving thousands of SNP 
loci can provide new insight into existing questions of evo- 
lution and ecology with increased precision and accuracy 
(Andrews and Luikart, 2014). Determining causal relation- 
ships among genomic variation, phenotypes, and the envi- 
ronment allows a better understanding of the genetic basis 
of adaptive genetic variation and speciation (Bernatchez, 
2016; Nielsen et al., 2009). However, despite the potential 
for genomics to improve management and conservation 
practices through improved understanding, it is perceived 
as difficult to make the transition from theory to practice 
(McMahon et al., 2014; Shafer et al., 2015). In part, this 
chapter addresses the transition for elasmobranch species. It 
begins with the practical aspects of generating genomic data, 
then focuses on how genomics and existing methods of popu- 
lation genetics are actively being used to address knowledge 
gaps that are important for conservation and management, 
such as population structure, population size, and reproduc- 
tive biology. We review the strengths and weaknesses of 
genomic and genetic methods to provide insight and realistic 
expectations for workers involved in theoretical and applied 
research on elasmobranchs. Details of other applications of 
DNA technology to elasmobranch species, such as assaying 
DNA from the environment (eDNA; see Chapter 14 in this 
volume) and studying hybridization (Marino et al., 2015; 
Morgan et al., 2012), can be found elsewhere. 


13.2 PRACTICAL ASPECTS OF GENOMICS 


This section focuses on the use of genomic methods to 
study the occurrence and frequency of SNPs among indi- 
viduals, populations, and species. To work with SNPs, it 
is not necessary to start with comprehensive information 
about the genome of the study species. Although work is 
underway on many more, only three chondrichthyan whole 
nuclear genomes have appeared in the literature to date: (1) 
the little skate (Leucoraja erinacea) (King et al., 2011), (2) 
the elephant shark (Callorhinchus milii) (Venkatesh et al., 
2014), and (3) the whale shark (Rhincodon typus) (Read et 
al., 2017). Description (annotation) of gene regions within 
the whole-genome data is valuable (e.g., for use in studies 
on selection and adaptation) but challenging due to uncer- 
tainties in the genomic data and gene identification in non- 
model species. Many complete mitochondrial genomes for 
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elasmobranch species are available on GenBank (Benson 
et al., 2013) and in the literature (e.g., Vargas-Caro et 
al., 2016); however, these genomes are not normally the 
starting point for genomic studies (but see Feutry et al., 
2014). Transcriptomes (nuclear gene regions used to pro- 
duce proteins and peptides) are available for the great 
white shark (Carcharias carcharodon) (Richards et al., 
2013), the lesser spotted catshark (Scyliorhinus canicula), 
(Mulley et al., 2014), and a few other species (Marra et al., 
2017) that can initiate some types of genomic studies (see 
below). To bypass the need for full genomes or transcrip- 
tomes, several shortcuts have been developed that focus 
on either pre-selected (targeted approaches) or randomly 
selected (random approaches, Figure 13.1) gene-regions. 
After discovery, generally groups of SNPs are selected 
and examined across a range of individuals depending on 
project objectives. For example, relatively few SNPs (ten 
to hundreds) can be used to assign individuals to species 
or populations (Bylemans et al., 2016; Nielsen et al., 2012), 
or larger numbers (hundreds to several thousand) can be 
used to study evolution at the population level (Pazmifo et 
al., 2017). The genomic methods for SNP discovery sum- 
marized here share common problems, however. These 
include the storage, manipulation and downstream analyses 
of the massive amounts of data produced by high through- 
put sequencing, the difficulty of producing sequence data 
from gene-regions with unusual characteristics, the intro- 
duction of artifacts during the preparation of the DNA for 
sequencing (often associated with the use of the polymerase 
chain reaction) and the difficulty of working with highly 
heterozygous gene-regions. The latter issue is of particular 
importance to elasmobranch researchers who will be deal- 
ing with naturally genetically diverse marine organisms. 
Despite this, genomics in general is moving forward so rap- 
idly that aspects of the methods reviewed below may be 
soon obsolete. Geneticists working with the conservation 
and management of wildlife are quick to adopt practical and 
theoretical advances in medical and agricultural genomics, 
so a review of the most recent literature is essential before 
moving forward with research in this area. 
High-throughput sequencing of amplicons (Figure 13.1) 
can facilitate SNP discovery and genomic analyses in a 
study species. Amplicons (DNA synthesized in the labora- 
tory using PCR) represent gene regions that are preselected 
by the researcher as being easily targeted or likely to be valu- 
able sources of information (Pefialba et al., 2014). Feutry et 
al. (2014, 2015) used this approach to collect mitogenome 
sequences for speartooth shark (Glyphis glyphis) collected 
in northern Australia. The primary disadvantages of this 
approach are substantial labor and laboratory consumable 
costs and the need for preexisting knowledge of the DNA 
sequences for the targeted gene regions. To keep costs down 
for this and other genomic methods, individuals can be “bar- 
coded” with unique short sequences of artificially synthe- 
sized DNA that allows pooling (also called multiplexing) 
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Figure 13.1 Concept map describing potential genomic pathways for the discovery of single nucleotide polymorphisms (SNPs) in non- 


model species, such as elasmobranchs. See text for full description of next-generation sequencing (NGS). 


into one high-throughput sequencing run. Data can be sepa- 
rated back to the individual level for downstream analyses. 
For example, the Genotyping-in-Thousands by sequencing 
(GT-seq) method of Campbell et al. (2015) simultaneously 
sequences multiple amplicons from thousands of individuals 
to yield data on 50 to 500 SNPs. Genotyping many ampli- 
cons of different sizes in multiple barcoded individuals is 
challenging to optimize and accuracy decreases as the num- 
ber of amplified loci increases. 

A more versatile alternative to amplicon sequencing is 
targeted sequence capture (targeted hybridization) (Figure 
13.1). This method is composed of a diverse suite of tech- 
nologies designed to selectively capture homologous loci 
(genes shared among individuals within a species) from mul- 
tiple individuals for subsequent high-throughput sequencing 
(Grover et al., 2012; Jones and Good, 2016). The method is an 
efficient way of identifying SNPs, as it maximizes the num- 
ber of genes able to be analyzed and the number of individu- 
als (by multiplexing) in a single high-throughput sequencing 
experiment. Targeted hybridization can also recover com- 
mon loci between species (orthologous loci) by targeting 
highly conserved regions of the genome (Lemmon and 


Lemmon, 2013; Li et al., 2013). This approach requires some 
prior genomic data to design probes (artificially synthesized 
DNA that will bind to the selected gene region, also called 
baits), and the upfront cost of probes per project can be costly. 
Probes are often designed from transcriptome sequences to 
bind to transcribed genes that produce proteins or peptides 
(also called exome capture) (Bi et al., 2012; Cosart et al., 
2011). Exome capture is tolerant of relatively degraded start- 
ing DNA, making it ideal for the analysis of historical speci- 
mens from museum collections (Bi et al., 2013; Nielsen et al., 
2017). Targeted hybridization has been used to assess demo- 
graphic aspects of the blacktip reef shark (Carcharhinus 
melanopterus) in northern Australia and the Indian Ocean 
(Delser et al., 2016) and river sharks (Glyphis spp.) in north- 
ern Australia and southeast Asia (Li et al., 2015). The genus 
Manta was recently demonstrated to be part of the Mobula 
genus using this method (White et al., 2017). 

Moving away from targeted approaches, an increasingly 
popular option due to ever-decreasing sequencing costs is 
to spread the high-throughput sequencing effort across the 
whole genome (Figure 13.1). A technique called Pool-seq 
even further reduces the costs of collecting whole genome 
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sequence data on a population sample (tens to hundreds of 
individuals). Only one to three sequences per individual 
(low to shallow coverage) are collected, and DNA from 
individuals is pooled into a single sample (Schlotterer et 
al., 2014). Methods such as this have a downside, however, 
as all information about individuals is lost, making it dif- 
ficult to control for uneven contributions of individuals to 
the final dataset and precluding any individual-level analy- 
sis. Recently, Therkildsen and Palumbi (2017) optimized an 
elegant way to apply the power of full genome sequencing to 
barcoded samples, focusing on coding regions (gene regions 
translated to proteins or peptides). New developments that 
produce long stretches of uninterrupted sequences (long- 
read technology) will make it easier and faster to discover 
and examine large numbers of SNPs from whole-genome 
datasets in the future (Rhoads and Au, 2015). 

Among the approaches with the most impact in the 
conservation and wildlife management fields are those that 
begin with the systematic, experiment-wide breakdown of 
DNA extracted from individuals (reduced representation; see 
Figure 13.1). Such approaches are a popular choice for non- 
model organisms, including elasmobranchs (e.g., Pazmifio 
et al., 2017), for which few or no genomic data are avail- 
able. The process of reduced representation (see Figure | in 
Good, 2011) is necessary to deal with the large size and high 
complexity of whole genomes. Bacterial defense enzymes 
(restriction enzymes) are commonly used to break down 
genomic DNA. They cleave DNA into smaller sections in 
the same way for each individual. The cut ends of the DNA 
are processed in the laboratory to allow subsequent identifi- 
cation of individuals and to make them compatible with the 
high-throughput sequencing process; this is the so-called 
“library” process. Sequence data are collected from the ends 
of each DNA fragment in the library. The final step to iden- 
tify and examine SNPs occurs outside the laboratory using 
custom bioinformatic software (called pipelines) (e.g., Puritz 
et al., 2014). 

Reduced representation methods are ideal for intraspe- 
cific studies of populations. They are less suitable for com- 
parisons among species unless they are closely related, such 
as fiddler rays (Trygonorrhina spp.) (Donnellan et al., 2015). 
Reduced representation significantly reduces the proportion 
of the nuclear genome that is sequenced and hence reduces 
the resources required to complete the project. This method 
is popular due to the streamlined protocols that have been 
published (Andrews et al., 2016; Davey et al., 2011), their 
avoidance of difficult-to-sequence regions (e.g., high repeti- 
tive DNA sequence), and the ability to simultaneously dis- 
cover and examine (genotype) thousands of SNPs across 
tens to hundreds of individuals. Additionally, as these meth- 
ods work on relatively small amounts of DNA (e.g., 500 to 
1000 ng) per individual, the starting material (animal tissue) 
can be collected using minimally invasive sampling meth- 
ods; for example, individuals can be released alive after a 
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tissue biopsy is taken, or remote biopsy methods can be used 
on free-swimming individuals. This approach is particularly 
appropriate for studies of rare or endangered species. 

Methods generally taking a reduced representation 
approach include restriction-site-associated DNA sequenc- 
ing (RAD-seq) and its variants (e.g., Peterson et al., 2012), 
diversity arrays technology (DArT) (Sansaloni et al., 2011), 
and genotyping by sequencing (GBS) (Chen et al., 2014). 
The major drawback to reduced representation approaches 
is the lack of control over the exact genomic regions that are 
sequenced. A large proportion of SNPs discovered using this 
method are typically located outside transcribed sequences, 
precluding functional analysis of polymorphism patterns. 
This can be partly addressed during the bioinformatics step 
if a whole genome sequence for the study species is avail- 
able (e.g., DiBattista et al., 2017), but as noted above these 
are rare for elasmobranch species. Using a whole genome 
sequence, SNPs that are located in functional gene regions 
can be identified, paving the way for studies focusing on 
selection and adaptation. Until whole genomes become more 
common for elasmobranchs, targeted hybridization or RNA 
sequencing (RNA-seq) (Figure 13.1) methods would be the 
most useful for studies like these. 

High-throughput sequencing of the transcribed portion of 
a genome (Wang et al., 2009) is commonly used to measure 
gene expression variation between tissues types (RNA-seq) 
(Figure 13.1). SNPs in transcribed regions (transcriptome) are 
useful markers for studies of phenotypic changes in popula- 
tions in response to local environmental variation (Gagnaire 
and Gaggiotti, 2016). Transcribed regions include the most 
conserved (and hence least genetically variable) regions in 
nuclear genomes, so SNPs in these regions are useful for 
phylogenetic analyses across taxonomic divides (Karam et 
al., 2015; White et al., 2017). At present RNA-seq methods 
are not making a direct contribution to studies of populations 
of elasmobranchs; however, transcriptomes produced using 
this method are essential to designing probes (baits) (Nielsen 
et al., 2017) for targeted hybridization or primers to target 
individual gene regions (amplicon sequencing). Although 
RNA-seq potentially makes significant contributions to con- 
servation science, several experimental challenges must be 
considered. The method begins with the extraction of high- 
quality RNA that can only be isolated from fresh tissues, 
which requires individuals to be sacrificed and dissected. 
This approach is less appropriate for species that have large 
body size or have high conservation significance and also 
may be rare. Furthermore, because only a particular por- 
tion of the genome is expressed (transcribed) at a given time, 
RNA must be sampled from the same tissue type from indi- 
viduals at the same life stage to obtain comparable SNPs. 
Finally, a general lack of knowledge between transcription of 
coding regions and their translation into proteins or peptides 
(Deveson et al., 2017; Ozsolak and Milos, 2011) limits the 
current usefulness of RNA-seq. 


GENETICS AND GENOMICS FOR FUNDAMENTAL AND APPLIED RESEARCH ON ELASMOBRANCHS 


13.3. CURRENT APPLICATIONS 
TO ELASMOBRANCHS 

13.3.1 Population Structure 
Molecular tools have been successfully employed to discern 
the spatial extent of populations (defined here as interbreeding 
groups of animals of the same species), providing essential 
information for conservation and management. Most studies 
examining population genetic structure in elasmobranchs 
to date have used mitochondrial or microsatellite genes. 
Although too numerous to summarize in detail (see reviews 
in Dudgeon et al., 2012; Portnoy and Heist, 2012), some 
general patterns are emerging. The lack of discrete, physi- 
cal barriers in the marine environment has often resulted in 
weak (even if statistically significant) indices of population 
structure (often measured as F,, or its analogs) (Nei, 1977; 
Weir, 2012; Weir and Cockerham, 1984; Wright, 1951). For 
elasmobranchs, the strongest signals of regional population 
differentiation have come from small-bodied, site-attached 
species, such as the blacktip reef shark (Carcharhinus mela- 
nopterus) (Vignaud et al., 2014b). Large, highly mobile spe- 
cies that are mostly pelagic tend to demonstrate broader 
connectivity, with population structure occurring at ocean 
basin levels. Examples of these include the scalloped ham- 
merhead shark (Sphyrna lewini) (Duncan et al., 2006), the 
sandbar shark (Carcharhinus plumbeus) (Portnoy et al., 
2010), the dusky shark (Carcharhinus obscurus) (Benavides 
et al., 2011), the whale shark (Rhincodon typus) (Vignaud et 
al., 2014a), and the tiger shark (Galeocerdo cuvier) (Bernard 
et al., 2016; Holmes et al., 2017). Depending on the species 
and study system, multiple drivers for observed popula- 
tion structure (or lack thereof) have been proposed. These 
include biological features such as the potential of the spe- 
cies to move around (vagility) (Ovenden, 2013) and site fidel- 
ity (Chapman et al., 2015), as well as modern (Kousteni et 
al., 2015) and historic (Catarino et al., 2015; Dudgeon et al., 
2009; Spaet et al., 2015) environmental features. Different 
types of genetic markers (e.g., mtDNA, microsatellite loci) 
do not always give concordant results on the same set of 
samples, potentially providing novel insights about breeding 
and mating behavior (i.e., philopatry; see below). 

Genetic studies of population differentiation pro- 
vide information on the appropriate spatial scale for 
fisheries management and monitoring. When migration 
between populations is low and significant differentiation 
is detected, genetics reflects demographic discontinuity 
(Ovenden, 2013) and thus provides rationale for treating 
populations as biological stocks (Waples and Gaggiotti, 
2006). For example, the presence of significant population 
genetic structure has led to the management of multiple 
fisheries stocks in Australian waters for blacktip sharks 
(Carcharhinus tilstoni and C. limbatus) (Johnson et al., 
2016), spot-tail sharks (C. sorrah) (Giles et al., 2014), dusky 
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sharks (C. obscurus) (Braccini et al., 2016; Geraghty et al., 
2014b), and sandbar sharks (C. plumbeus) (Braccini et al., 
2016; Portnoy et al., 2010). For mobile and wide-ranging 
species, it is challenging to interpret the lack of signifi- 
cant population genetic structure, as this does not always 
translate into demographic connectivity. Demographically 
separate stocks may still maintain links that just exceed 
the threshold required to lead to genetic differentiation 
(Ovenden, 2013), so a precautionary management approach 
is often adopted. Genetic studies indicate panmixia in sev- 
eral commercially fished shark species in the North Atlantic 
Ocean that are treated as single commercial stocks, includ- 
ing the blue shark (Prionace glauca) and shortfin mako 
shark Usurus oxyrinchus) (Anon, 2015; Heist et al., 1996; 
ICCAT, 2008; ICES, 2016; King et al., 2015; Schrey and 
Heist, 2003). For some species, tagging and demographic 
studies support large-scale migration and hence the single 
stock status deduced from genetic studies—for example, the 
spiny dogfish (Squalus acanthias) (Verissimo et al., 2010) 
and the tope or school shark (Galeorhinus galeus) (Chabot 
and Allen, 2009; ICES, 2009). However, in the absence 
of more detailed molecular analysis or auxiliary data, the 
single stock delineation may be the default based on admin- 
istrative boundaries or other non-biological criteria, such 
as single stocks of the Portuguese dogfish (Centroscymnus 
coelolepis) ICES, 2009; Moura et al., 2008; Verissimo 
et al., 2011) and the leafscale gulper shark (Centrophorus 
squamosus) (ICES, 2016; Verissimo et al., 2012). 
Population structure is also critical for defining con- 
servation management units. Examples of its application 
are found within International Union for Conservation 
of Nature (IUCN) Red List assessments, which provide a 
framework to assess the extinction risks of species (Dulvy 
et al., 2014). Although this information does not form the 
basis of a legal instrument, it is widely used by government 
and nongovernment organizations to inform conservation 
policy. Within the Red List framework, subpopulations are 
defined as geographically or otherwise distinct groups that 
have very little demographic or genetic exchange (IUCN, 
2012). Practically, this definition is interchangeable with 
our definition of population. Population genetic informa- 
tion has recently informed subpopulation delineation for 
whale sharks (Rhincodon typus) (Pierce and Norman, 2016; 
Vignaud et al., 2014a) and zebra sharks (Stegostoma fascia- 
tum) (Dudgeon et al., 2009, 2016). In these examples, both 
mtDNA and microsatellite markers revealed two major 
populations (or subpopulations) which were assessed inde- 
pendently. These were then combined and weighted pro- 
portionally to the spatial distribution of each population to 
provide a global assessment. Population genetic structure 
also has great potential to inform the efficacy of marine 
protected area management by providing information about 
the spatial extent of populations and their degree of con- 
nectivity. However, designs have primarily incorporated 
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information on connectivity of teleosts and invertebrates 
with pelagic larval dispersal, while comparatively less con- 
sideration has been given to species with high adult mobil- 
ity, such as elasmobranchs (Momigliano et al., 2015). 

Although the utility of genetic data to inform stock 
structure and management units has been clearly demon- 
strated, its uptake is still limited across taxa (Bernatchez et 
al., 2017; Garner et al., 2016; Shafer et al., 2015) and partic- 
ularly in elasmobranchs. This challenge may be addressed 
by utilizing genomic tools that give greater coverage of the 
genomes and markers under differing selection regimes 
and therefore more power to resolve patterns (Shafer et al., 
2015). For example, whole mitogenomes represent a natu- 
ral improvement for any study that would normally rely on 
single or multiple mitochondrial gene regions. Previously 
restricted to model organisms or phylogenetic studies 
where the number of samples is generally small, mitoge- 
nomes can now be sequenced for hundreds of samples for 
population analyses of non-model species (Meimberg et 
al., 2016). This is particularly relevant to elasmobranchs 
given that their mitochondrial DNA is thought to evolve 
more slowly compared to other taxa (Martin et al., 1992). 
In combination with bottlenecks, founder events, or pro- 
nounced genetic drift, some elasmobranch populations 
have low or an apparent lack of genetic variation in mtDNA, 
such as the gray nurse shark (Carcharias taurus) (Stow et 
al., 2006). Thus, for some species, variability uncovered in 
single mtDNA gene region approaches are simply too low 
to provide insight into their population structure (Feutry 
et al., 2014; Wynen et al., 2009). For elasmobranchs, the 
first investigation of whole mitogenome sequences to ana- 
lyze population structure was carried out in the speartooth 
shark (Glyphis glyphis) (Feutry et al., 2014). This study 
demonstrated that analysis of the whole mitogenome data 
was critical to fully describe population structure pres- 
ent in this threatened shark. Similarly, the use of whole 
mitogenome sequencing of the largetooth sawfish (Pristis 
pristis) showed that most rivers in northern Australia host 
a distinct matriarchal lineage (Feutry et al., 2015), adding 
to the study of Phillips et al. (2011), which used a single 
mtDNA gene region to show population structure at a 
much broader scale. 

Just as the whole mitochondrial genome is now stud- 
ied using genomic approaches, similar approaches are 
facilitating research across more of the nuclear genome. 
Where microsatellites give a snapshot of tens of markers, 
genomic approaches enable examination of thousands of 
markers (i.e., SNPs) (Figure 13.1), potentially increas- 
ing the power to test the hypothesis of panmixia (inter- 
breeding) at varying spatial scales to provide information 
about population structure. Despite considerable inter- 
est and research progression, few completed studies have 
employed nuclear genomic tools for examining population 
structure in elasmobranchs, although many are planned 
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and underway. Population genetic analyses using SNPs 
have been published for at least four shark species, illus- 
trating different outcomes and applications. Portnoy et al. 
(2015) found regional population structure from SNP data 
in bonnethead sharks (Sphyrna tiburo) between the Gulf of 
Mexico and Western Atlantic Ocean, but greater popula- 
tion structure was found with mtDNA which they inter- 
preted as arising from male-biased dispersal and female 
site fidelity. However, even greater population structure was 
revealed when examining only SNPs that were assumed to 
be under selection, and these patterns were strongly cor- 
related with latitude. The power of SNPs to further resolve 
population structure was demonstrated by Pazmifio et al. 
(2017, 2018). They demonstrated genetic differentiation 
in the Galapagos shark (Carcharhinus galapagensis), a 
large-bodied, circumglobally distributed species, at local 
and ocean-basin-wide scales. In contrast, analysis of SNP 
markers confirmed genetic panmixia in eastern Australian 
waters for gray reef sharks (Carcharhinus amblyrhynchos) 
(Momigliano et al., 2017). In the studies by Pazmifio et 
al. (2017) and Momigliano et al. (2017), increased popu- 
lation structure was suggested by examination of outlier 
SNPs presumed to be under selection. However, these 
results were prudently not presented due to the absence 
of an assembled and annotated whole nuclear (reference) 
genome for these species that would be necessary to ratify 
the functional role of these gene regions. The fourth study 
investigated the population structure of juvenile speartooth 
sharks (Glyphis glyphis) in three river systems in north- 
ern Australia (Feutry et al., 2017). Population structuring 
at scales of hundreds of kilometers was revealed by SNP 
analysis, as well as by whole mitogenome analyses. Feutry 
et al. (2017) found that the presence of large numbers of 
siblings within each river system resulted in non-indepen- 
dent sampling events and inflated signals of population 
structure. The removal of the genetic signal driven by the 
siblings resulted in non-significant population structuring 
between the rivers separated by around 150 km. 

The ability to identify related animals (such as siblings) 
adds a new dimension to determining connectivity between 
populations. The spatial and temporal distribution of kin 
provides direct insight into individual movements; for exam- 
ple, the spatial distribution of parents and offspring revealed 
long-term philopatry in lemon sharks (Negaprion breviros- 
tris) (Feldheim et al., 2014). Likewise, the spatial distribu- 
tions of siblings and half-siblings of the speartooth shark 
(Glyphis glyphis) provided information about both juvenile 
and adult movements without the need to sample any adults 
(Feutry et al., 2017). The combination of kinship inference 
from nuclear DNA and the maternally inherited mitochon- 
drial DNA allows adult female and male reproductive move- 
ments to be distinguished one from the other (Bravington 
et al., 2016b), which is important for elasmobranchs, where 
sex-biased dispersal is often reported (Dudgeon et al., 2012). 
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13.3.2 Population Size 


Estimating population sizes is a huge challenge for elasmo- 
branch species. Population sizes are essential knowledge 
for elasmobranch conservation and sustainable exploitation. 
For example, the highest priority action of the Australian 
government’s white shark management plan is to develop 
and implement a monitoring program for survival, connec- 
tivity, fecundity, age-at-maturity, and absolute abundance 
to assess population trends and dynamics (Commonwealth 
of Australia, 2013). There are few elasmobranch fisheries 
worldwide where data are available to estimate these param- 
eters. In some cases, elasmobranch catch is not recorded by 
species (e.g., Government of Queensland, 2010) or mistak- 
enly identified (Tillett et al., 2012). Population sizes can be 
inferred from resights of tagged animals. Briefly, in mark— 
recapture studies, a sample of individuals is marked (gen- 
erally with physical tags but it can also be genetic tagging 
or photos identification), and they are then released. Later, 
more sampling is conducted and the fraction of marked 
individuals or their individual capture histories can be 
used to estimate the population size and other demographic 
parameters (Amstrup et al., 2005; Cormack, 1964; Seber, 
1965). However, tagging sufficient numbers of animals is 
generally expensive and tags can be shed. The interpre- 
tation of resights for elasmobranch species, which can be 
highly mobile, have sophisticated movement behavior, and 
are long-lived, is challenging. For example, 710 individual 
basking sharks (Cetorhinus maximus) were identified from 
photographs of dorsal fins, but a low number of resights 
(41) precluded regionwide, long-term population size esti- 
mates (Gore et al., 2016). The imperative for genetic esti- 
mates is undeniable. 

Genetic estimates of population size have practical value 
to conservation and management science. They have been 
used to develop criteria to delist endangered species, such as 
sea otters (Enhydra lutris nereis), from the U.S. Endangered 
Species Act (Ralls et al., 1996). They have also been used to, 
for example, estimate absolute population size to implement 
harvest control rules for southern bluefin tuna (Thunnus mac- 
coyit) (Hillary et al., 2016) and to estimate breeding popula- 
tion size to model population size changes for white shark 
(Carcharodon carcharias) in Western Australia (Braccini 
et al., 2017; Ovenden et al., 2016). Genetic methods rely on 
obtaining tissue samples from individuals for DNA extrac- 
tion. Work is also progressing on the extraction of DNA 
from seawater (Sigsgaard et al., 2016; Simpfendorfer et al., 
2016; Weltz et al., 2017; see also Chapter 14 in this volume), 
but this method is unlikely to replace the need for tissue 
samples from individuals in the near to medium future for 
genetic estimates of population size. Unlike many fisheries 
species that have high fecundity and high natural mortal- 
ity across life history stages, some elasmobranch species 
have relatively small population sizes and ideal life-history 


characteristics for genetic methods (Ovenden et al., 2016). In 
addition, elasmobranchs often have low fecundity, low natu- 
ral mortality, and ecologically and morphologically simi- 
lar life history stages (Ovenden, 2013). It is, therefore, not 
surprising that a significant proportion of genetic studies on 
population size are focusing on elasmobranch species. 

The two main approaches to population size estima- 
tion using genetics are parameter and individual based. 
Parameter-based methods relate some genetic character- 
istic deduced across a sample of individuals to population 
size (Nomura, 2008; Waples and England, 2011; Waples 
and Yokota, 2007). Individual-based methods find groups of 
genetically related individuals and relate them to number of 
breeding adults (Bravington et al., 2016b; Cope et al., 2014; 
Creel and Rosenblatt, 2013; Wang, 2009). Both types of 
approaches rely on a random sample of individuals from the 
target population or the subsequent stratification of samples 
based on their biological characteristics. Both approaches 
rely on the same type of genetic markers from the nuclear 
genome. Microsatellite loci have been the most common, 
but SNP markers are becoming more popular. Both methods 
require the population genetic structure of the target species 
to be known in advance because both approaches are sensi- 
tive to migration (e.g., Waples and England, 2011). Formal 
comparisons between parameter- and individual-based meth- 
ods for key elasmobranch species using the same genetic data 
are around the corner (R.S. Waples, pers. comm.). 

A popular parameter-based approach converts empirical 
estimates of genetic drift to estimates of genetic effective 
population size (N,). N, is formally defined as the size an ide- 
alized population experiencing a known amount of genetic 
drift, such that large populations experience less drift than 
small populations (Hedrick, 2000). As populations in the 
real-world rarely meet these conditions, the effect of contra- 
vening them has been the focus of a great deal of work. In 
particular, the presence of overlapping generations has been 
addressed both in theory and by simulations to the point that 
the method can now be feasibly applied to iteroparous spe- 
cies (e.g., Jorde and Ryman, 1995), including elasmobranchs. 
There are numerous ways to measure genetic drift, but two 
have been closely associated with estimates of N,. Linkage 
disequilibrium (LD) is a popular measure of genetic drift, 
as it can be estimated from a single sample of individuals 
from the target population at one point in time (Waples and 
Do, 2010). Genetic drift can also be estimated through time, 
the so-called temporal method (Waples, 1989). This can be 
approached in two ways: (1) a population can be sampled 
twice in time separated by the number of years correspond- 
ing to at least three or more elapsed generations (Waples and 
Do, 2010), or (2) samples that represent cohorts that differ 
in age by several generations can be taken once from the 
population (Jorde, 2012). Both approaches are challenging 
in practice. Generation times (defined as the average age of 
reproduction) are uncertain for many elasmobranch species. 
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Estimating the ages of individuals (to assign individuals to 
age-cohorts) often requires special expertise (Geraghty et 
al., 2014a; Holmes et al., 2015) and cannot be applied nonle- 
thally, which generally restricts its use to species that are not 
threatened, endangered, or protected. Although both meth- 
ods are appropriate, the linkage disequilibrium method is 
more tractable for elasmobranchs. 

Linkage disequilibrium is defined as the correlation (7) 
for alleles in the population sample at all pairs of loci (see 
Equation 3 in Jones et al., 2016). It can be either positive or 
negative, so r? is used to measure its magnitude (Waples and 
England, 2011). Estimates of r? are the drivers of inbreed- 
ing estimates of N,. As genetic drift occurs more rapidly in 
small populations compared to large, values of r? will be 
larger in small populations compared to large. For example, 
Dudgeon and Ovenden (2015) used the linkage disequilib- 
rium method to explore N, in a breeding aggregation of zebra 
sharks (Stegostoma fasciatum) in the waters off southeast 
Queensland. The estimate of NV, from microsatellite geno- 
types (14 loci, 114 individuals) was 377 (95% CI, 274-584), 
which was similar to a mark—recapture analysis of the same 
population (NV = 458; 95% CI, 298-618). The N,/N ratio was 
0.82 (SE = 0.27). A similar test of the relationship between 
N. and N was performed by Andreotti et al. (2016a). They 
identified 426 individual white sharks (Carcharodon carch- 
arias) from over 4000 photographs of dorsal fins taken in the 
Gansbaai region of South Africa. Mark—recapture analyses 
subsequently estimated the population size to be 438 (95% 
CI, 353-522). Tissue biopsies taken from 233 sharks were 
genotyped with 14 microsatellite loci. From these data, the 
LD estimate of N, was 333 (95% CI, 247-487), yielding a 
N./N ratio of 0.76. The spatial scale to which these estimates 
apply has been questioned (Irion et al., 2017), but genetic 
analyses were unable to reject the expectation of panmixia 
for white sharks sampled from five locations along the South 
African coastline (Andreotti et al., 2016b). Further analyses 
are needed to check the assumptions underlying the mark— 
recapture estimates, but it seems likely that the numbers 
of white sharks in South Africa are low and a precaution- 
ary approach to the conservation of this species is timely 
(Andreotti et al., 2017). 

The similarity of NV, and N in these studies is encourag- 
ing for the extension of this method more generally to other 
species of elasmobranchs; however, there are several issues 
that must be accounted for. For example, some species may 
have experienced a large amount of genetic drift leading to 
naturally low levels of genetic variation (as measured by 
per-locus heterozygosity and number of alleles). Although 
this is uncommon in marine species, it has been reported 
for at least one elasmobranch species, the gray nurse shark 
(Carcharias taurus), on the eastern Australian coast (Stow 
et al., 2006). Estimation of N, in these species may require 
extra effort to find (possibly scarce) variable genetic loci 
for the measurement of linkage disequilibrium. A genomic 
approach to the search may be worthwhile. On the other 
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hand, other elasmobranch species, such as the milk shark 
(Rhizoprionodon acutus) (Ovenden et al., 2011) and gummy 
shark (Mustelus antarcticus) (Gardner and Ward, 1998), 
may have naturally large population sizes (and hence large 
N.), meaning that the population may be experiencing low 
levels of genetic drift. Consequently, estimates of link- 
age disequilibrium r? will be small and difficult to mea- 
sure with accuracy and precision. Problems like this are 
exacerbated as N, is estimated after sampling error (=1/S, 
where S is the number of samples taken from a population) 
is subtracted from r*. This can lead to a negative denomi- 
nator that cannot be converted to finite NV, (see Equation 2 
in Jones et al., 2016). Biologically, infinite values have no 
meaning and practically mean that N, cannot be computed. 
When JN, is large (and linkage disequilibrium r? is small), 
empirical geneticists approach this problem by increas- 
ing the power of their assays by either increasing sample 
sizes or increasing the number of genetic loci (or both). The 
software POWSIM (Ryman and Palm, 2006) is commonly 
employed in studies of population structure using genetics 
to calculate necessary sample sizes and loci numbers to 
estimate low F,, values. 

Individual-based approaches for estimating popula- 
tion size commonly use genetics to identify family mem- 
bers among individuals sampled from the population. Some 
approaches estimate the number of families and thus the 
likely number of breeding individuals (e.g., Kanno et al., 
2011; Ozerov et al., 2015; Wang, 2009). Related individuals 
are often identified using software such as COLONY (Jones 
and Wang, 2010). Other approaches use the mark—recap- 
ture framework (e.g., Bravington et al., 2016a; Rawding et 
al., 2014). In close-kin mark-recapture, the recaptures are 
not the original individual but are recaptures of relatives 
of the original individual. These relatives or kin are identi- 
fied genetically using the theory of Mendelian inheritance 
(Nielsen et al., 2001; Skaug, 2001) and modern genetic 
approaches. In essence, instead of capturing the same 
animal twice, genetic markers are used to identify kin 
pairs such as parent—offspring, siblings, or half-siblings. 
Therefore, close-kin mark—recapture suppresses the need to 
capture the same individuals more than once, which greatly 
expand the scope of applicability compared to mark—recap- 
ture. The cost of catching and releasing a substantial fraction 
of a population for mark—recapture is prohibitive for many 
species, whereas the sampling for close-kin mark—recapture 
studies can rely entirely on dead animals collected by indus- 
try, although it can be combined with live biopsies. Because 
the marking happens during reproduction and parents are 
“recaptures” of their offspring, close-kin mark—recapture 
provides recent abundance estimates of the parental popu- 
lation, backdated to the birth year of the juveniles, which 
makes the method suited for the management of wildlife. 
Importantly, it provides information about adults, not juve- 
niles. Just as mark—recapture has applications beyond the 
estimation of abundance, close-kin mark-recapture can 
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estimate parameters such as interbirth interval, fecundity-at- 
age, and mortality rates (Bravington et al., 2016a). Genomic- 
based approaches have the potential to expand and refine 
individual-based methods of estimating population size. 
Increased amounts of empirical data per individual can 
identify classes of relatives (e.g., half-sibs, which share one 
parent but not both) that are unable to be reliably discerned 
with lesser amounts of genetic data. There is one published 
example of the application of individual-based approaches to 
elasmobranchs (Hillary et al., 2018). Studies on several other 
species are underway, including Glyphis spp., Galeorhinus 
galeus, Carcharias taurus, Pristis pristis, and Raja clavata 
(M. Bravington, pers. comm.). 


13.4 GENETIC RELATIONSHIP 
STUDIES TO STUDY MATING SYSTEMS, 
PHILOPATRY, AND FECUNDITY 


Mating system studies on sharks have allowed researchers 
to address a variety of questions. How often do females give 
birth? Are females philopatric to nursery areas? How many 
offspring do individuals have in a given year? Unfortunately, 
studies of mating in elasmobranchs have lagged behind 
studies of other vertebrates. The little we do know about 
mating behavior comes from observational studies that have 
been performed in shallow water where some shark species 
congregate to mate. These studies have been bolstered by 
genetic studies that allow scientists to infer mating behavior. 
In elasmobranchs, the genetic marker of choice to examine 
relatedness between individuals has historically been mic- 
rosatellites due to their ability to assign parentage (Mourier 
et al., 2013) and genetically tag individuals (Feldheim, 
2002). Now that SNPs are becoming more affordable, they 
will become more prevalent in such studies (e.g., Feutry 
et al., 2017). Regardless of the genetic marker used, stud- 
ies of genetic relationships are a vital tool for elasmobranch 
biologists. In this section, we discuss how genetic tools have 
enabled scientists to characterize different aspects of elas- 
mobranch reproduction. 

Genetic and genomic data can be used to test expecta- 
tions of multiple paternity without difficulty. In diploid 
organisms, littermates can have no more than four parental 
alleles at each nuclear genetic locus (i.e., microsatellite or 
SNP loci) when the female mates with one male. When five 
or more parental alleles at a locus are present among lit- 
termates, this indicates that the female mated with multiple 
males. Inference of multiple mating is made easier when the 
mother of a litter is sampled along with the pups. In this 
case, the array of genotypes can be used to assess the num- 
ber of paternal alleles. Given that two of the alleles for a 
given locus will be contributed to by the mother, three or 
more paternal alleles in a litter will be indicative of multiple 
paternity. Recent studies have found that multiple pater- 
nity is quite common (Green et al., 2017) rather than the 


243 


exception in elasmobranchs (Holmes et al., 2018). Given the 
potential cost of mating to females, such as multiple bite 
marks from males attempting to mate with a female (Pratt 
and Carrier, 2001), it is unclear why females mate with mul- 
tiple males. Only a handful of studies have been able to infer 
adult mating behavior by examining the genotypes of off- 
spring. In these cases, the genotypes of the adult generation 
can be reconstructed from the genotypes of the offspring by, 
for example, employing the software COLONY (Jones and 
Wang, 2010). The drawback of this method is that intense 
sampling of offspring is required in order to reconstruct 
parental genotypes with any certainty. Genetic reconstruc- 
tion has been used successfully to examine lemon shark mat- 
ing behavior at Bimini, the Bahamas (Feldheim et al., 2004) 
and Marquesas Key, Florida (DiBattista et al., 2008a). It has 
also been used to examine smalltooth sawfish mating habits 
in Florida nurseries (Feldheim et al., 2017b). Although this 
latter study found evidence of multiple paternity, the number 
of pups sampled per female was relatively low, and estimates 
of multiple paternity could not be made confidently. 

Philopatry is defined as the tendency of individuals to 
remain in or return to their home areas (Mayr, 1963). For 
sharks and their relatives, Chapman et al. (2015) recognized 
two types: regional and natal. Regional philopatry occurs 
when wide-ranging individuals return to their natal region, 
where females give birth and mating occurs. Natal philopa- 
try describes the phenomenon whereby females return to 
their exact birthplace to give birth on nursery grounds. Both 
types of philopatry can lead to genetic differences between 
broader regions (in the case of regional philopatry) or, at a 
finer scale, between specific nursery grounds (in the case 
of natal philopatry). The sampling scheme is important for 
genetic studies of philopatry. When adults are sampled dur- 
ing parturition and mating seasons, philopatry results in 
genetic variation between regions in mitochondrial DNA 
when only the females are philopatric and both mitochon- 
drial and nuclear DNA (e.g., microsatellites) when both 
sexes are philopatric, such as the white shark (Carcharodon 
carcharias) in Australia (Blower et al., 2012). Outside partu- 
rition and mating times, philopatry may not be testable with 
genetic methods as mature individuals disperse away from 
these locations; however, sampling sedentary juveniles from 
nursery areas, regardless of the time of year, can shed light 
onto philopatric behavior. 

Mating between natally philopatric females and wan- 
dering males admixes alleles at microsatellite loci in their 
offspring. Admixture does not occur in the maternally 
inherited mtDNA, as allelic recombination during reproduc- 
tion does not occur in this genome. For natal philopatry, this 
mechanism leads to a situation where there may be contrast 
in the extent of the mtDNA and microsatellite variation 
between samples taken in or adjacent to different nursery 
grounds. Juveniles and females sampled from different nurs- 
ery grounds may not be distinct when assayed using micro- 
satellite loci, whereas they will be distinct based on their 
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mtDNA. Within limits, this distinction can be used as indi- 
rect evidence of natal philopatry, but samples must be taken 
during breeding times and from breeding locations; other- 
wise, the natal genetic signal will be obscured by subsequent 
dispersal of juveniles and females. Practically, deductions 
about the extent of philopatry using genetic and genomic 
analyses are strengthened if the sex and age of samples 
are available. Finally, if the microsatellite loci lack power 
to detect possible barriers to gene flow between regionally 
philopatric populations, then natal and regional philopatry 
may be indistinguishable. Philopatry in elasmobranchs has 
recently been reviewed in both sharks (Chapman et al., 2015) 
and skates and rays (Flowers et al., 2016). In sharks, many 
studies find structure in mtDNA with a lack of differentia- 
tion in nuclear markers (e.g., Bernard et al., 2016; Pardini et 
al., 2001; Portnoy et al., 2010). Population genetic studies 
have lagged in batoids compared to sharks (Flowers et al., 
2016). The few studies that have been published in batoids 
typically find no contrast between mtDNA and nuclear DNA 
genetic patterns. 

Although philopatry is commonly inferred through 
indirect genetic methods, a few studies have been able to 
show philopatry directly using parentage assignment or 
genetic reconstruction methods, such as the direct evi- 
dence obtained for Glyphis glyphis, although only juveniles 
were sampled (Feutry et al., 2017). Mourier and Planes 
(2013) used parentage analysis in blacktip reef sharks 
(Carcharhinus melanopterus) and sicklefin lemon sharks 
(Negaprion acutidens) to show that some females are philo- 
patric to islands in French Polynesia. Feldheim (2002) and 
DiBattista et al. (2008b) used genetic reconstruction meth- 
ods to show that lemon shark females are philopatric to 
Bimini, the Bahamas, and Marquesas Key, Florida, respec- 
tively. Feldheim et al. (2014) further showed that some 
females exhibit natal philopatry to Bimini. Similar meth- 
ods have been used to show philopatric behavior of female 
smalltooth sawfish (Pristis pectinata) to nursery sites in 
Florida (Feldheim et al., 2017b), although it is unknown if 
these females were born at these Florida sites. 

One of the more interesting aspects of reproduc- 
tion that has been unveiled using genetic markers has 
been the discovery of parthenogenesis in elasmobranchs. 
Parthenogenesis occurs when an embryo develops from 
a female gamete without the contribution of male sperm 
(Lampert, 2009). Automixis (whereby a polar body fertil- 
izes the egg, thus restoring diploidy) has been the inferred 
mode of parthenogenesis in elasmobranchs (Dudgeon et al., 
2017; Portnoy et al., 2014). This manifests in the offspring 
as elevated homozygosity compared to the mother. Indeed, 
in elasmobranchs, most parthenogenetic offspring have been 
found to be homozygous at all microsatellite loci employed 
in those studies. Parthenogenesis has been described in six 
shark species and two batoid species (Table 13.1). These 
species represent seven families and span the different 
reproductive modes found in elasmobranchs. Most cases of 
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parthenogenesis have been described from captive animals 
and occurred when females were isolated from conspecific 
males. One exception to this is in smalltooth sawfish (Pristis 
pectinata). Fields et al. (2015) found seven juvenile sawfish 
with elevated homozygosity caught in nursery areas from 
the west coast of Florida and attributed these individuals to 
three parthenogenic females. It is unknown what triggers 
this mode of reproduction, but it has been hypothesized that 
it is a last-ditch effort for females to pass on their genes when 
a mate is not available. Switching from sexual to partheno- 
genetic reproduction has been demonstrated for two cap- 
tive elasmobranch species, the whitespotted bamboo shark 
(Chiloscyllium plagiosum) (Straube et al., 2016) and the 
zebra shark (Stegostoma fasciatum) (Dudgeon et al., 2017), 
after the removal of their mates. Smalltooth sawfish popula- 
tions have declined by more than 95% over the past century 
(Simpfendorfer, 2000), and it is possible that these females 
could not find a mate. It is interesting to note that the three 
sawfish females that gave birth via parthenogenesis had off- 
spring in later years by sexual reproduction (Feldheim et 
al., 2017b). This suggests that parthenogenesis may play a 
role as a holding-on strategy, extending the life span of the 
oocyte through the parthenogenetic offspring until mates 
become available. 


13.5 SUMMARY AND CONCLUSIONS 


Know-how adopted from human, plant, and animal genom- 
ics combined with the larger and older body of empirical 
and theoretical population genetics is closing knowledge 
gaps in the population biology of sharks and rays. This has 
the potential to significantly improve conservation practices 
for threatened, exploited, and protected elasmobranch spe- 
cies and the sustainable management of elasmobranch spe- 
cies that are outside this category. New information from 
genetics and genomics is addressing practical demographic 
issues such as the extent and drivers of connectivity between 
populations, numbers of individuals making up those popu- 
lations, and aspects of reproductive biology and behavior 
that is rarely observed (Table 13.2). In this chapter, our aim 
has been to clearly present the most important aspects of 
this flood of new information from a field that is sometimes 
regarded as dense and incomprehensible. We will have 
achieved our goal if conservation plans and harvest strate- 
gies for elasmobranchs are updated with information from 
genetic and genomic studies. Workers on both sides of the 
interface between the production of new information from 
research and its application need to sympathetically coop- 
erate to overcome the challenges often associated with the 
uptake of information from genetics and genomic studies 
(Bernatchez et al., 2017). Somehow, we need to navigate 
the discrepancy between the technical expertise of research 
scientists and the expertise of those who work with social, 
political, and economic performance criteria. 
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Table 13.2 Summary of Current Issues in Applied and Fundamental Research on Sharks and Their Relatives Addressed Herein, 
Challenges for Future Research, and Possible Solutions Using Genetics and Genomics 


Current Issues and Future Problems Possible Genetic and Genomic Solutions 


Lack of information about population 
size now and in the past, and 
connectivity between populations 
regionally and at an ocean-basin scale 


Increase the number of genetic markers to estimate and monitor the effective number of 
breeders, total population size, and number of migrants with higher precision and accuracy, as 
well as to identify migrants and estimate the direction of migration. Genomics expands sample 
sizes and temporal scale through access to DNA from specimens in museums and other 
historical collections (e.g., vertebrae for ageing, fishers’ trophies). 


Increase the number of genetic markers (under varying levels of selection) to achieve greater 
resolution to infer population units and phylogenetic relationships, improve detection of cryptic 


Lack of information about units of 
conservation (e.g., species, distinct 


population segments) 


species, and reveal patterns of hybridization and introgression. Incorporate adaptive loci to 


improve the accuracy and precision to infer fine-scale population structure and identify 
boundaries between conservation units. 


Lack of tools for practical management 
of elasmobranch species subject to 
anthropogenic pressure 


Inability to predict the capability of 
elasmobranch species to adapt to 
climate change and anthropogenic 
challenges 


Lack of information about elasmobranch 
reproductive biology 


Increase the number of genetic markers to improve the ability to assign individuals to the 
population of origin for shark fisheries management, enforcement, migration, bycatch, and 
mislabeling studies of postprocessed fish products. 

Use the unprecedented potential of genomics for understanding adaptive genetic variation which 
in turn will improve our understanding of the capacity of sharks to adapt to environmental 
stresses, including rapidly changing temperature, acidity, salinity, and sea levels. 


Increase the number of genetic markers to solve the longstanding debate about whether 
phylogeographic structure is due to biparental adaptation or female philopatry, as well as 


identification of family groups using SNPs and inferring movement patterns associated with 


reproduction. 


Source: Adapted from Allendorf, F.W. et al., Nat. Rev. Genet., 11(10), 697-710, 2010. 


Many exciting prospects are on the horizon that are 
made possible by genomics. Despite decades of study, lit- 
tle is known of the genetic and phenotypic nature of local 
adaptation. For elasmobranchs, like all species in the liv- 
ing world, more details of the genetic architecture and evo- 
lution of adaptation may provide predictions of the likely 
effect of human-induced environmental change. This, in 
turn, may guide future elasmobranch conservation and 
fisheries management plans. Genomics also allow us to 
study the interaction between traits that are directly con- 
trolled by genes and those that are controlled by chemi- 
cal modification to genes (epigenetic changes) within and 
between generations. Elasmobranch species represent a 
major slice of marine biodiversity with unique characteris- 
tics (longevity, diverse reproductive modes, etc.) that offer 
the potential for scientific outcomes. For the same reason, 
comparisons between elasmobranch whole genomes, as 
they become available, may illuminate the basis of their 
persistence over geological time and drivers of their spe- 
cies diversity and evolution. The availability of more 
genomes will boost knowledge gained from future popula- 
tion studies using the range of genomic methods described 
here and those developed in the future. 
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14.1. INTRODUCTION cytochrome c oxidase subunit 1 (COI), 12S rRNA, and 16S 

tRNA (Kelly et al., 2014; Thomsen et al., 2012b; Valentini 

14.11. What Is Environmental DNA? et al., 2016), and targeted fragments typically fall within the 


Knowledge of spatial and temporal variation in abundance 
is critical for the implementation of effective protective 
measures for organisms that are both naturally rare and 
vulnerable to exploitation. The development of manage- 
ment and conservation strategies for elasmobranchs depends 
on accurate assessment and monitoring of the distribution 
and abundance of target species in the field, but detecting 
species occurrences is often even more challenging in the 
aquatic environment than on land (Webb and Mindel, 2015). 
Consequently, as is the case for many large, mobile and rare 
vertebrates, shark detection is inherently difficult. 

All organisms continuously leave traces of themselves 
behind in the environment in the form of shed skin cells, 
bodily fluids, metabolic waste, gametes, or blood. Any of 
these materials can contain pieces of the organism’s DNA. 
Environmental DNA (eDNA) analysis is based on the 
retrieval of this naturally released genetic material from the 
environment. It generally refers to bulk DNA extracted from 
an environmental sample such as water but also from soil, 
sediment, snow, or even from air (Taberlet et al., 2012a). 
In aquatic systems, macroorganismal-derived eDNA can 
be present as free DNA, cellular debris, or particle-bound 
DNA and is mostly present in small fragments, due to rapid 
degradation (Barnes et al., 2014); however, much of the 
eDNA is retrieved from cellular material and may there- 
fore contain still relatively undamaged nucleic acid mole- 
cules. Nevertheless, eDNA studies focus primarily on the 
detection of short fragments, as currently available parallel 
sequencing and qPCR platforms have short-read capabilities 
limited to a few hundred base pairs. When DNA is pres- 
ent at low concentrations, mitochondrial DNA (mtDNA) is 
often targeted, as there are substantially more mitochon- 
drial than nuclear DNA copies per cell (Wilcox et al., 2013). 
Commonly employed mtDNA genes include cytochrome b, 


range of 79 to 285 bp (Ficetola et al., 2008; Minamoto et 
al., 2012). The level of target specificity is often the main 
determining factor when choosing or designing primers for 
eDNA analysis. 

Environmental DNA is emerging as a non-invasive 
method for the detection and identification of rare and elu- 
sive species in a wide range of ecosystems, including aquatic 
environments (Port et al., 2016; Thomsen et al., 2012a; 
Yamamoto et al., 2017). It is rapidly diffused from its source 
and degraded under the influence of local environmental 
conditions such as mechanical forces, ultraviolet (UV) radia- 
tion, pH, temperature (Barnes et al., 2014; Jerde et al., 2011; 
Pilliod et al., 2014), microbial activity (Barnes et al., 2014), 
and spontaneous chemical reactions such as oxygenation 
(Lindahl, 1993; Nielsen et al., 2007). This indicates a low 
probability of long-distance dispersal of eDNA in aquatic 
ecosystems (Thomsen and Willerslev, 2015); thus, the detec- 
tion of eDNA from a specific taxon indicates its presence or 
very recent presence in the environment (Barnes et al., 2014; 
Jerde et al., 2011; Pilliod et al., 2014). However, there remains 
much uncertainty with regard to the impact of oceanic cur- 
rents on the local-scale spatial patterns of trace DNA, espe- 
cially in open marine systems (O’Donnell et al., 2017). 

Due to recent advances in high-throughput sequencing 
and bioinformatics, the use of eDNA has developed into a 
cost-effective, rapid, non-invasive method for collecting 
and analyzing biological samples from large portions of 
the environment without the necessity of isolating the tar- 
get species (Hajibabaei et al., 2006; Taberlet et al., 2012b). 
Using this approach, thousands of species present in any 
environmental sample can be detected by high-throughput 
DNA sequencing and identified using molecular taxonomy 
databases, thus revolutionizing our ability to detect species 
and conduct genetic analysis for conservation, management, 
and research of aquatic ecosystems. 


ENVIRONMENTAL DNA (eDNA) 


14.1.2 A Short History of eDNA 


Over the past decade, development of eDNA recovery and 
sequencing techniques has been substantial and has resulted 
in an increasing interest in its use as a tool for both targeted 
species detection and biodiversity assessments (Handelsman, 
2004). The term “eDNA” was first used by microbiologists, 
who have been applying the eDNA method since the mid- 
1980s to assess the diversity of microorganism communities 
in ancient marine sediments (Ogram et al., 1987). The gen- 
eral eDNA methods currently used for monitoring aquatic 
populations arose from this early work (e.g., Willerslev et 
al., 2003). Subsequently, in the 1990s, eDNA methods were 
employed to monitor phytoplankton blooms and to assess 
changes in biomass of bacterial communities (Bailiff and 
Karl, 1991; Paul et al., 1996; Weirbauer et al., 1993). The 
use of eDNA has more recently been developed to elucidate 
macroorganism identity in aquatic environments. However, 
the nature of eDNA from macroorganisms in environmen- 
tal samples is different from that of microbial organisms 
(prokaryotes and microbial eukaryotes) because the former 
are present only as parts of the organism (cellular remains 
or free DNA), whereas the latter may be detected by DNA 
derived from whole, living organisms present in the samples 
(Thomsen and Willerslev, 2015). 

Environmental DNA as a method to assess the diversity 
of macroorganismal communities was first applied to sedi- 
ments, revealing DNA from extinct and extant mammals, 
birds, and plants (Thomsen and Willerslev, 2015; Willerslev 
et al., 2003). In 2008, the eDNA method was applied for 
the first time to confirm the presence of an aquatic inva- 
sive species, the American bullfrog (Rana catesbiana), 
from water samples in a natural lentic system (Ficetola et 
al., 2008). Subsequently, the first eDNA study in freshwa- 
ter lotic systems for the detection of invasive Asian carp 
was published in 2011 (Jerde et al., 2011). In 2012, eDNA 
analysis was first applied to the marine environment for the 
detection of marine mammals (Foote et al., 2012) and for 
the estimation of marine fish biodiversity (Thomsen et al., 
2012a). Environmental DNA has since been applied for the 
detection of a large range of aquatic species in both fresh- 
water and marine systems (Piaggio et al., 2014; Pilliod et 
al., 2014; Yamamoto et al., 2017) and, more recently, for the 
detection of sharks and rays (Bakker et al., 2017; Gargan et 
al., 2017; Sigsgaard et al., 2016; Simpfendorfer et al., 2016; 
Weltz et al., 2017). 


14.1.3. eDNA vs. Traditional 
Monitoring Techniques 


Currently established survey methods, such as fishing by 
longlining or gillnetting, acoustic or satellite tagging and 
monitoring, baited remote underwater video (BRUV), 
underwater visual census (UVC), ecological knowledge sur- 
veys, and fisheries-dependent population surveys, all have 
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associated biases and challenges. These include being poten- 
tially resource intensive, selective, and dependent on taxo- 
nomic expertise, as well as sometimes being invasive and 
potentially traumatogenic (Lodge et al., 2012; Simpfendorfer 
et al., 2016; Wheeler, 2004). Traditional survey methods are 
also highly susceptible to false negatives, failing to detect rare 
or cryptic species that are present; therefore, assessment and 
monitoring of the distribution and abundance of mobile spe- 
cies in aquatic environments remain challenging and would 
benefit from new, complementary methods of investigation. 

Environmental DNA has been shown to be a reliable 
detection method, matching or even outperforming con- 
ventional survey methods (Dejean et al., 2012; Doi et al., 
2017b; Hanfling et al., 2016; Sigsgaard et al., 2015; Taberlet 
et al., 2012a; Takahara et al., 2013; Thomsen et al., 2012a; 
Valentini et al., 2016). Because eDNA analysis is an inher- 
ently non-invasive detection method, it is not necessary for 
the species of interest (or its habitat) to be either disturbed or 
caught in order to establish its presence or to acquire a posi- 
tive taxonomic identification. Because visual detection is not 
necessary, using eDNA makes it easier to detect rare spe- 
cies (or those species that have juvenile stages that closely 
resemble other species) (Dejean et al., 2011; Huver et al., 
2015; Schmidt et al., 2013). 

Species of conservation concern often have low popu- 
lation numbers, making surveys based on eDNA methods 
particularly suitable for informing applied conservation 
efforts (Foote et al., 2012; Olson et al., 2012; Thomsen et 
al., 2012a). Likewise, exotic and invasive species are typi- 
cally rare at their expanding range margins, requiring highly 
sensitive detection methods (Davy et al., 2015; Jerde et al., 
2011). False negatives in presence/absence data using tradi- 
tional methods can prevent effective habitat protection for 
threatened species. A particular case study concerning shark 
species has recently been described for the New Caledonian 
archipelago. Here, 2758 UVCs and 385 BRUVs detected 9 
shark species. In contrast, with only 22 eDNA samples 13 
shark species were detected. Thus, despite two orders of 
magnitude less sampling effort, with eDNA analysis 44% 
more shark species were detected compared to UVCs and 
BRUVs, revealing a greater diversity of sharks than previ- 
ously thought, thereby indicating the need for large-scale 
eDNA assessments to improve shark monitoring and con- 
servation efforts (Boussarie et al., 2018). eDNA studies 
are not immune to false negatives, however, and, similar 
to traditional survey methods, the false-negative rate in 
eDNA studies is inversely proportional to the target spe- 
cies’ abundance. These “non-detections” are usually due 
to two sources of error: method error during sample collec- 
tion or insufficient detection sensitivity of the quantitative 
polymerase chain reaction (qPCR) or metabarcoding assays 
(Furlan and Gleeson, 2016b). Contrary to traditional meth- 
ods, various positive controls can readily be put in place to 
monitor and exclude potential false negatives at all stages of 
an eDNA survey (Furlan and Gleeson, 2016b). 
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In terms of sampling effort, eDNA analysis can offer 
considerable time and cost benefits (Dejean et al., 2012), 
especially concerning the distribution of rare and threatened 
species (Rees et al., 2014a; Valentini et al., 2016). Collecting 
water samples requires significantly less time and fewer 
resources compared to traditional survey methods. This is 
particularly true when target species are found in remote 
or difficult to access areas (Simpfendorfer et al., 2016). In a 
study of invasive Asian carp, it took 93 days of person effort 
to detect one silver carp (Hypophthalmichthys molitrix) by 
electrofishing, whereas eDNA analysis required only 0.174 
day of person effort to achieve a positive detection (Jerde et 
al., 2011; Rees et al., 2014b). Additional advantages of the 
eDNA method compared to traditional sampling relate to 
the ease of obtaining permits for the collection and handling 
of water samples vs. (live) animals, and sampling can often 
be carried out under more extreme weather conditions. 

There are, however, important caveats associated with 
eDNA detection, and traditional survey methods still have a 
number of advantages over eDNA methodologies. Foremost 
among them, when using eDNA analysis, it is not possible 
to distinguish whether the detected DNA from a certain spe- 
cies has been released by a dead or live animal. Additionally, 
eDNA methods do not provide information on size, move- 
ment patterns, condition, developmental stage (eggs, larvae, 
juveniles, adults), or sex of the target organism. Moreover, 
the detection of an individual’s DNA, without direct obser- 
vation, cannot provide information on the exact location 
of the animal. Furthermore, when using a mitochondrial 
marker, of which the DNA is mostly maternally inherited 
(Giles et al., 1980), it will not be possible to distinguish 
hybrids (which may be the result of breeding between native 
and invasive species) from their maternal species. Finally, 
inferring abundance information from eDNA remains chal- 
lenging and is a key area for further research. 

Environmental DNA is becoming a rapid and cost-effec- 
tive tool for collecting species’ presence, distribution, and, 
with some caveats, (relative) abundance data. Most likely, 
with continuing developments in the fields of DNA sequenc- 
ing and bioinformatics, eDNA methods will increasingly 
complement (rather than completely replace) traditional sur- 
vey methods. 


14.1.4 eDNA Approaches: Species- 
Specific vs. Metabarcoding 


Currently, the use of eDNA can be broadly divided into 
two main approaches: a single-species approach (eDNA 
barcoding) or a multispecies approach (CDNA metabarcod- 
ing). Environmental DNA barcoding is aimed at detecting 
a single species in the environment by polymerase chain 
reaction (PCR) or quantitative PCR (qPCR) to target eDNA 
sequences belonging to the target species, which is then 
often confirmed through Sanger sequencing (Eichmiller 
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et al., 2014; Mahon et al., 2013; Sanger et al., 1977). 
Conventional PCR has previously been used for species- 
specific eDNA detection (Davison et al., 2016; Dejean et 
al., 2011; Piaggio et al., 2014; Simpfendorfer et al., 2016). 
Quantitative PCR, however, offers a distinct advantage over 
traditional endpoint PCR techniques through the addition 
of a fluorescent dye (e.g., SYBR™ Green) or a fluores- 
cently labeled reporter probe, which allows the amplifica- 
tion of the target sequence to be monitored in real time by 
the qPCR platform. Quantification is measured against a 
standard curve run simultaneously based on samples of 
a known concentration of reference DNA (Bourlat et al., 
2013). Probe-based qPCR increases both detection speci- 
ficity and sensitivity, as the use of a probe, in combination 
with forward and reverse primers, ensures that there are 
three sequences to check against the target template DNA 
(Herder et al., 2014). However, it is limited to the detection 
of only one or a few target organisms at a time (Furlan and 
Gleeson 2016a; Jerde et al., 2011; Mahon and Jerde, 2016; 
Simpfendorfer et al., 2016; Thomsen and Willerslev, 2015; 
Uchii et al., 2016; Weltz et al., 2017). 

The alternative to traditional DNA Sanger sequencing 
and eDNA barcoding (which can only sequence specimens 
individually) for species detection is eDNA metabarcoding 
(where the prefix “meta” refers to the collection of barcode 
genes across the taxonomical spectrum of the samples). 
This multispecies approach simultaneously identifies mul- 
tiple taxa from an environmental sample without the need 
for a priori knowledge of the species likely to be present 
(Taberlet et al., 2012b). Metabarcoding offers a tremendously 
enhanced capability in biodiversity studies because it has the 
potential to characterize the full community of species pres- 
ent in a set of complex environmental samples (Valentini et 
al., 2016; Yamamoto et al., 2017). Metabarcoding employs 
high-throughput sequencing while using more generalized 
PCR primers in order to mass-amplify a taxonomically 
informative marker gene and thus can offer a comprehen- 
sive view of an ecosystem. This method has the potential to 
reveal hundreds or thousands of taxa (and potentially their 
abundances) from a single environmental sample (e.g., Kelly 
et al., 2017; Leray and Knowlton, 2015; Miya et al., 2015; 
Yamamoto et al., 2017). 


14.2 APPLICATIONS OF eDNA 
TECHNIQUES IN SHARK BIOLOGY STUDIES: 
WHAT CAN THEY TELL US ABOUT 
SHARKS AND THEIR RELATIVES? 


One-quarter of all chondrichthyans (sharks, skates, rays, 
and chimeras) are currently considered threatened (Dulvy 
et al., 2014). Coastal and continental shelf-dwelling rays and 
sharks, such as sawfishes and angel sharks, are particularly 
at risk from overexploitation and other anthropogenic threats 
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(Dulvy et al., 2016). Traditional survey methods have proven 
to be useful for determining the presence and distribution of 
a range of shark and ray species (e.g., Chin 2014; Guttridge 
et al., 2017; Hansell et al., 2017; Kajiura and Tellman, 2016; 
Kessel et al., 2016; Vaudo and Heithaus, 2012). However, 
confirming the presence of a target species relies on locat- 
ing and/or catching the animals, which can prove chal- 
lenging and time-consuming for many species due to their 
rarity, cryptic habits, ecological specialization, and poten- 
tial occurrence in remote and difficult-to-access locations 
(Barnes and Turner, 2016). With over half of chondrichthyan 
species considered data deficient, there is a clear urgency to 
rapidly increase the knowledge of these species’ life histo- 
ries and current distributional ranges to further conserva- 
tion and management efforts. Environmental DNA may be 
the game-changing genetic technique for the study of sharks 
and their relatives, not only allowing for the time- and 
cost-effective gathering of crucial species’ occurrence and 
distribution information but also providing much-needed 
ecosystem-wide species composition and population-level 
data (see Table 14.1). 

14.2.1 Occurrence and Distribution of 
Rare and Endangered Species 


The application of eDNA techniques for the detection of 
sharks and their relatives has only been described recently. 
The first study dedicated specifically to the detection of an 
elasmobranch species successfully detected the critically 
endangered largetooth sawfish (Pristis pristis) in fresh- 
water habitats in northern Australia in locations of both 
known (based on gillnet surveys and traditional ecologi- 
cal knowledge from local indigenous ranger groups) and 
unknown sawfish presence (Simpfendorfer et al., 2016). 
The versatility of using eDNA techniques in elasmobranch 
species detection has further been demonstrated with the 
eDNA barcoding approach being successfully applied 
in two widely different marine habitats: within a coastal 
embayment for the detection of the endangered Maugean 
skate (Zearaja maugeana) (Weltz et al., 2017) and above 
the summits of oceanic seamounts for the Chilean devil ray 
(Mobula tarapacana) (Gargan et al., 2017). Positive eDNA 
detections in water samples, identifying these endangered 
and critically endangered rays, highlights the value of 
the method for rare elasmobranch species. Moreover, the 
detection of oceanic and highly migratory species, such as 
devil rays, emphasizes that species that are otherwise dif- 
ficult and rare to encounter can be surveyed expeditiously 
with eDNA in open-water environments. Although still in 
its infancy, successful applications of eDNA barcoding for 
the detection of rare and endangered elasmobranchs in both 
marine and freshwater environments highlight the potential 
of this technique for furthering conservation and manage- 
ment outcomes. 
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14.2.2 Species Composition Using 
eDNA Metabarcoding 


Environmental DNA metabarcoding has the potential to 
simultaneously identify several taxa from environmental 
samples (Taberlet et al., 2012b). Shark species inventories 
and assessment of geographical distributions based on 
eDNA metabarcoding could be an important tool for rapid 
environmental monitoring and hence influence conservation 
management and policy decisions. Although three species of 
elasmobranch have previously been detected in a large-scale 
marine eDNA study using a primer set designed for tele- 
osts (bony fish) (Thomsen et al., 2016), other studies have 
encountered challenges concerning shark-specific detection 
when applying this multispecific approach in an aquarium- 
based setting (Kelly et al., 2014; Miya et al., 2015). 

The main caveat in using eDNA metabarcoding for the 
assessment of shark diversity is that sharks are naturally rare 
compared to most other taxa. Figure 14.1 shows the difference 
inread abundances between elasmobranchs and teleosts recov- 
ered from two marine samples (from an area with relatively 
high shark abundances) and a sample taken from an aquarium 
tank, indicating the naturally low abundance of elasmobranch 
eDNA compared to teleost CDNA. Consequently, when indi- 
viduals are present in the sampling area, eDNA released by 
sharks will generally constitute only a very small portion 
of all the eDNA present in a water sample. This highlights 
the importance of designing and optimizing protocols spe- 
cifically geared toward the detection of sharks. This includes 
sampling relatively large volumes of water (generally >3 
liters; see Figure 14.2) per sample and using primers that spe- 
cifically target sharks while excluding other, non-target taxa. 

More recently, eDNA metabarcoding of natural seawa- 
ter samples was employed to specifically infer shark pres- 
ence, diversity, and relative abundance in both Atlantic and 
Pacific tropical ecosystems (Bakker et al., 2017). By using 
a primer set targeting a 127-bp stretch of the mitochondrial 
COI region (Fields et al., 2015), 21 different shark species 
were detected whose geographical patterns of diversity and 
abundance coincided with geographical differences in lev- 
els of anthropogenic pressure and conservation effort in two 
independent tropical marine systems. Even though issues 
relating to the taxonomic assignment of closely related spe- 
cies still remain to be resolved, this study demonstrates 
the potential of the eDNA metabarcoding approach for the 
detection and monitoring of shark communities. 


14.2.3 Population Genetics—From Species 
Detection to the Analysis of Populations 


An additional potential for the use of eDNA—when it 
stores sufficient population-specific information within the 
molecular markers used (e.g., mitochondrial haplotypes) — 
lies in the area of population genetics, with applications 
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Figure 14.1 Differences in read abundances (on a logarithmic 


scale) between shark eDNA recovered from natu- 
ral marine samples and an aquarium sample. Fish- 
specific primers targeting the cytochrome b region 
were used for eDNA amplification (J. Bakker, unpub- 
lished data). 
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for conservation genetics and phylogeography (Bohmann 
et al., 2014). To date, only one study applying eDNA to 
infer population characteristics for shark species has been 
published (Sigsgaard et al., 2016). Here, samples were col- 
lected from areas in the Arabian Gulf, where whale sharks 
(Rhincodon typus) are known to occur. Mitochondrial 
DNA control region sequences obtained from eDNA 
samples were compared to sequences from tissue sam- 
ples collected from the same locality. DNA mutation rate 
was calculated and female effective population size (N,) 
inferred. Subsequently, it proved possible to infer the likely 
Ny for the entire Indo-Pacific Ocean, with comparable esti- 
mates obtained from eDNA and tissue extracted sequences. 
Moreover, by using eDNA analysis, this study revealed that 
the whale shark populations in the Indo-Pacific are geneti- 
cally distinct from those populations occurring in the 
Atlantic Ocean (Sigsgaard et al., 2016), thus demonstrating 
for the first time that CDNA methods are capable of using 
the genetic variation in the DNA fragments isolated from 
water samples to estimate population sizes, in addition to 
identifying relatedness between different populations of 
the same species. 


Figure 14.2 Field equipment used in eDNA studies: (Left) Collection of ocean water with a Kemmerer-type water sampler (photograph 
credit: Diego Camejo). (Right, top) Portable eDNA filtration pump (Grover Scientific eDNA Pump) that can be used to quickly 
filter samples onsite (photograph credit: Madalyn K. Cooper). (Right, bottom) Extendable pole used in difficult-to-reach 
areas or to decrease the risk to the sampler of dangerous wildlife (e.g., crocodilians). 
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14.3 eDNA METHODS 
14.3.1. Field Sampling Considerations 
for Shark eDNA Studies 


14.3.1.1 Sampling Methodologies 


Effective and accurate detection of organisms in aquatic 
ecosystems using eDNA is dependent on the development 
of an appropriate sampling design. There is no single eDNA 
sampling method that fits all target species and environ- 
ments (Barnes and Turner, 2016; De Souza et al., 2016), 
and conducting a pilot study is important before initiating a 
full study (Furlan and Gleeson 2016b; Goldberg et al., 2016; 
Kelly et al., 2016). The method of water sample collection 
is the same for both species-specific and population-level 
investigations, but there are differences in field sampling 
design and downstream genetic processing and analyses 
(Table 14.2). Overall, it is most important to understand 
the characteristics of eDNA in the context of local envi- 
ronmental conditions, including the influence of biotic and 
abiotic factors on DNA degradation and dispersal, and fac- 
tors related to the target species/community, including life 
history, demographic patterns and ecology. These factors 
can result in variation in detection sensitivity. Currently, 
the recommended protocol for each new application should 
assess detection probabilities for the target species given 
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the proposed field and laboratory protocols (Goldberg et al., 
2016). Preliminary laboratory and aquarium eDNA assays 
can be applied to test and confirm the sensitivity and speci- 
ficity of the methodology, and, where possible, controlled 
tank-based experiments can be conducted to further under- 
stand eDNA shedding, degradation, and distribution rates 
(Turner et al., 2014b; Weltz et al., 2017). 

Environmental DNA detection methods are perceived to 
be highly sensitive, but they are largely contingent on the 
probability of detecting eDNA where and when it is pres- 
ent in the environment (Dejean et al., 2012; Ficetola et al., 
2008; Furlan and Gleeson, 2016b; Goldberg et al., 2013). For 
sampling approaches that target a single species, estimat- 
ing the sensitivity (or target species’ detection probability) of 
the assay is crucial for accurately and confidently interpret- 
ing results, as it delineates the chances of detection failure 
(Amberg et al., 2015; Furlan et al., 2016). Detection failure, 
false positives (incorrect positive detection when the tar- 
get species is absent), and false negatives (failing to detect 
the target species when it is present) potentially confound 
conclusions about species presence or absence and can mis- 
inform management. Therefore, the risk of such should be 
minimized through stringent execution of field and labora- 
tory procedures (Furlan and Gleeson, 2016b). 

The field sampling strategy for species-specific eDNA 
detection should consider the life history, behavior and envi- 
ronment of the target species. Sharks and their relatives have 


Table 14.2 Minimum Recommended Reporting for Environmental DNA Studies 


Stage 


Information 


Design 
Water collection 


Inferential goal (presence/absence, quantity) 
Contamination precautions, including negative controls 


Collection volume, container material, replicates, depth 
Site descriptions (flow rate, area, etc.) 


Sample preservation 


Method, temperature, duration 


Filter type (if applicable), filtering location (e.g., in field) 


Extraction process 


Contamination precautions (including dedicated laboratory), negative controls 


Methods, including kit protocol adjustments 


Probe-based gPCR 


Design and validation methods 


Primer/probe sequences, amplicon length 
Positive and negative controls 

Inhibition detection and handling 

Reaction concentrations, thermal profile 
Technical replicates and their interpretation 
Standard curve preparation and quality 


High-throughput sequencing 


Library type (shotgun or amplicon) and any enrichment strategy 


Library preparation protocol or kit 

Platform, read length, read pairing, expected fragment size 
Primers, sequencing adapters, sample index tags, exogenous spike-ins 
Amplicon locus, target taxa, specificity, and bias 

Read trimming and filtering of artifacts/chimeras 

Reference database and/or de novo OTU generation 

Taxonomic assignment method and parameters 

Statistical analysis and rarefaction 

Positive and negative controls and their interpretation, if applicable 
Technical replicates and their interpretation 

Number of raw reads and final reads 


Source: Goldberg, C.S. et al., Meth Ecol Evol., 1299-1307, 2016. 
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diverse life history traits and occur in a vast array of marine, 
estuarine, and some freshwater systems. Differences in hab- 
itat use will influence eDNA concentration and dispersion 
and impact the likelihood of recovering target DNA from 
sample locations. Understanding the fine-scale patterns of 
occurrence and behavior, such as movements and habitat 
use driven by ontogeny, predator avoidance, environmental 
tolerances, seasonal change, or fidelity, may allow enhanced 
detection ability. However, for many species this depth of 
information is lacking, and data from similar species may 
render a useful tool to frame the development of an appro- 
priate field sampling strategy. Moreover, where baseline 
information on patterns of occurrence and distribution does 
not exist, cDNA methods may be utilized as an exploratory 
tool to reveal this information. 

When initially assessing field sampling strategy effec- 
tiveness or when targeting presence/absence information at 
one point in time, sampling should occur during times and 
in locations a species is expected to be present (De Souza 
et al., 2016). For example, by utilizing existing knowledge 
on occurrence patterns, oceanic, often solitary, deep-swim- 
ming elasmobranchs, such as devil rays, can be positively 
identified in oceanic basins despite the dynamic and turbu- 
lent nature of ocean currents and wave action (Gargan et 
al., 2017). Studies of resident species should account for 
variations in activity and behavior in response to seasonally 
variable factors such as temperature or precipitation, which, 
in turn, may influence eDNA abundance and persistence 
and thus the probability of detection. Seasonal variations, 
for example, may influence the timing of reproduction of 
certain elasmobranch species, which is likely to increase 
the detectability of eDNA due to the release of reproduc- 
tive material such as sperm but also neonates (De Souza 
et al., 2016; Laramie et al., 2015; Spear et al., 2015). One 
might reasonably expect that discrete habitats used as pup- 
ping or nursery grounds by coastal elasmobranchs would 
contain higher proportions of eDNA as a result of reproduc- 
tive behaviors. Likewise, increased activity during tidal- or 
diurnal-driven movements or feeding behavior may also 
increase eDNA shedding rate. Species-level differences in 
habitat use and behavior may dictate spatial and temporal 
considerations for eDNA detection. 


14.3.1.2 Water Collection, Filtration, 
Preservation, and Extraction 


Capturing eDNA from an aquatic environment is the crucial 
first step in the eDNA workflow. Environmental DNA begins 
to decay immediately after shedding and continues to do so 
after sample collection (Barnes et al., 2014; Dejean et al., 
2012; Pilliod et al., 2014; Sassoubre et al., 2016; Yamanaka 
et al., 2016). A recent study on eDNA recovery rates fol- 
lowing various combinations of eDNA capture, preserva- 
tion, and extraction methods has indicated that DNA yield 
(copy number) from stream water samples, prior to filtration, 
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significantly decreases when stored at room temperature 
(20°C), refrigerated (4°C), or frozen (-20°C) from day 1 
to day 2, regardless of storage temperature (Hinlo et al., 
2017). Moreover, in a recent study using decay modeling 
of Maugean skate eDNA (Zearaja maugeana), Weltz et al. 
(2017) showed that the eDNA concentration in some water 
samples had fallen below the detection limit of the assay 
within 4 hours of sampling. For this reason, samples should 
be filtered and extracted and the eDNA extracts preserved 
using prescribed protocols as soon as possible after water 
collection. Precipitation and filtration are the most com- 
monly used methods to recover eDNA from water samples. 
Other methods include preservation of small volumes of 
water followed by concentrating the DNA by centrifugation 
(Klymus et al., 2015). 

Generally, precipitation involves the collection of small 
volumes of water (e.g., 15 mL) (Eichmiller et al., 2016; 
Ficetola et al., 2008) that are immediately preserved in 
the field with the addition of sodium acetate and absolute 
ethanol (salt and ethanol precipitate nucleic acids from 
water) (Maniatis et al., 1982), prior to storage at —20°C. 
The precipitation method requires few collection tools 
(i.e., precipitation solution and collection vials), thus the 
relative ease of this method is a major benefit for users. To 
compensate for the inherently lower eDNA yield due to the 
relatively small water quantities used and to ensure confi- 
dence in detection probability, replication effort, preserva- 
tion, storage, and extraction methods should be thoroughly 
considered (for examples, see Deiner et al., 2015; Hinlo et 
al., 2017; Spens et al., 2017. Where the processing of larger 
volumes of water is required, it is advisable to increase the 
number of biological replicates or, alternatively, use the 
filtration method. Filtration is more advantageous when 
dealing with larger bodies of water such as rivers, estuar- 
ies, or marine environments (Hinlo et al., 2017; Turner et 
al., 2014b). 

Filtration requires the passage of water through a mem- 
brane that captures the eDNA and generally allows the 
processing of larger volumes of water (typically 1 to 10 L). 
Filtration can be carried out onsite with a portable filtration 
system (Figure 14.2), or water samples can be stored on ice 
and transported to a laboratory (or equivalent processing 
facility) for filtration. When not performed in the field, fil- 
tration should be undertaken as soon as possible (i.e., within 
24 hours) to ensure optimal eDNA recovery (Hinlo et al., 
2017; Weltz et al., 2017). 

Following filtration, the filter membrane contain- 
ing the eDNA must be preserved prior to DNA extrac- 
tion. Depending on field conditions, cold storage of filters 
wrapped in aluminum foil or contained in sterile micro- 
centrifuge tubes may not be practical; however, this tech- 
nique is commonly employed in laboratory-based settings 
or where field locations are close to the laboratory. When 
field conditions preclude the use of refrigeration, ethanol is 
the most commonly used alternative for filter preservation 
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and storage. Other ambient-temperature buffers, such as 
Longmire’s solution and cetyl trimethyl ammonium bro- 
mide (CTAB), have been used successfully to preserve 
eDNA contained on filters (Renshaw et al., 2015; Spens et 
al., 2017; Williams et al., 2016), but they require preparation 
using several ingredients, and CTAB is a toxic substance. 
Longmire’s buffer can also be used to preserve small vol- 
umes of unfiltered water at ambient temperature for up to 
56 days prior to DNA extraction (Williams et al., 2016). An 
alternative method for eDNA preservation is adding silica 
beads to the vessel containing the filter; the beads function 
as a desiccator, drying out the filter and preventing the DNA 
from degrading (Bakker et al., 2017). Long-term eDNA 
recovery rates from ethanol and other preservatives are cur- 
rently unclear and further research is necessary; however, 
eDNA has successfully been recovered after >1 year of stor- 
age from filters desiccated with silica beads and stored at 
—20°C (J. Bakker, unpublished data). 

The type of filter membrane used for the separation of 
eDNA from the environmental samples also varies. Glass 
fiber, nylon, cellulose nitrate, polycarbonate, polyethersul- 
fone, and cellulose acetate filters have previously been used 
(Deiner et al., 2015; Goldberg et al., 2016; Renshaw et al., 
2015). The inherent properties of the filter material—parti- 
cles are retained on the surface of depth filters and within the 
filter matrix vs. surface filters, where particles are trapped 
only on the filter’s surface (Hinlo et al., 2017)—affect the 
binding affinity of eDNA and, as such, eDNA recovery 
rates differ, depending on the type of filter used (Liang and 
Keeley, 2013). 

Filter pore size is another important factor to consider 
when choosing filters for filtration-based eDNA recovery. 
Intuitively, larger sample volumes will increase eDNA cap- 
ture success, but there is a trade-off among sample size, 
pore size, and eDNA particle retention. A smaller pore size 
captures more eDNA particles but limits sample volume 
and speed. Conversely, a larger filter pore size allows for 
a faster flow rate and larger sample volume. This may in 
turn reduce associated labor costs but may also reduce the 
amount of eDNA particles captured on the filter. Hence, 
two important considerations must be taken into account 
when choosing the correct filter pore size: size distribution 
of eDNA particles and water turbidity at the sampling loca- 
tion. Knowledge of the size distribution of various intra- or 
extracellular eDNA particles will assist in informing the 
trade-off between filter pore size and sample size/volume. 
Turner et al. (2014a) observed size fractions of common 
carp (Cyprinus carpio) eDNA and concluded that the larg- 
est amount of total eDNA recovered was within the 1I- to 
10-um size fraction. Comparable studies for sharks and their 
relatives do not currently exist, and it is unclear whether 
the aforementioned findings are representative of general 
size distributions for all eDNA or are taxa or environment 
specific. With this in mind, small pore sizes should be 
used where possible to ensure the highest possible eDNA 
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capture rate; for example, filter pore sizes ranging from 0.45 
to 3um are most commonly used in studies undertaken in 
less turbid water (Gargan et al., 2017; O’Donnell et al., 2017; 
Sigsgaard et al., 2016; Weltz et al., 2017). For more turbid 
water, however, even 3- to 5-um filters quickly become 
clogged with suspended particulate matter, necessitating the 
use of larger pore sizes of up to 20 um to minimize clogging 
and maintain an efficient filtration rate (Robson et al., 2016; 
Simpfendorfer et al., 2016). If filter clogging is a frequent 
occurrence, multiple filters may be used and eDNA extracts 
pooled for sample replicates. 

Multiple eDNA extraction methods can be applied to iso- 
late eDNA captured by filtration or precipitation but also to 
remove compounds that can inhibit downstream enzymatic 
reactions such as PCR (Eichmiller et al., 2016). Inhibitors 
may range from cellular components to materials in the 
water, such as humic substances (Wilson, 1997), that are 
captured together with the eDNA. Both capture methods 
may be followed by either phenol:chloroform:isoamyl] alco- 
hol (PCI) DNA extraction or extraction using a commercial 
DNA extraction kit (Deiner et al., 2015). DNA extraction 
kits, such as the commonly used Qiagen DNeasy® Blood & 
Tissue Kit and the Mo Bio PowerWater® DNA Isolation Kit, 
PowerSoil™ DNA Isolation Kit, and PowerMax® Soil DNA 
Isolation Kit, are convenient and simple to use but are more 
expensive compared to PCI extraction. PCI extraction in turn 
requires careful preparation and handling of toxic chemicals. 
Several studies have found that PCI extraction yields more 
eDNA compared to commercial DNA extraction kits (Deiner 
et al., 2015; Renshaw et al., 2015; Turner et al., 2015), but 
another study observed more PCR inhibition in DNeasy- 
extracted samples compared to PowerWater-extracted 
samples (Eichmiller et al., 2016), which is likely a result of 
different additives to alleviate PCR inhibitors. Hence, high 
eDNA yield does not necessarily accompany increased spe- 
cies detection but is rather dependent on a multitude of fac- 
tors. Likewise, Deiner et al. (2015) have demonstrated that 
different combinations of eDNA capture and extraction pro- 
tocols result in different detection rates of biodiversity. 

Environmental characteristics (e.g., water chemistry and 
temperature), target species, capture method, filter material 
and pore size, storage, and DNA extraction method inter- 
act to produce final detection rates (Deiner et al., 2015; 
Eichmiller et al., 2016; Goldberg et al., 2016; Renshaw et 
al., 2015), and no one extraction method is equally benefi- 
cial to all taxa or ecosystems for the maximization of eDNA 
recovery and target species detection. Thus, it is recom- 
mended that different combinations of storage, preservation, 
filter type, and extraction methods be tested and optimized, 
depending on the research objectives, preference, ease of 
use, and availability of resources. Finally, detailed infor- 
mation about the field, laboratory, and bioinformatic proce- 
dures used in eDNA studies should be reported to enhance 
the development of the field by increasing communication 
about techniques and quality control (see Table 14.2). 
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14.3.2 eDNA in the Laboratory 


14.3.2.1 Selecting Gene Regions for 
Target Organisms or Groups 


Methodologically, eDNA detection requires the develop- 
ment of genetic markers specific to the target taxon or taxa. 
Targeted eDNA fragments may be detected using different 
molecular methods including Sanger sequencing, qPCR, and 
metabarcoding. When aiming to detect a single species, prim- 
ers should be specific to the target species while incorporat- 
ing as many differences as possible with other sequences of 
related organisms (Ficetola et al., 2008). Insufficient primer 
specificity can lead to over- or underestimation of species 
presence, and, especially when taxa closely related to the tar- 
get species are present, cross-amplification or interference of 
amplification can lead to the generation of false positive and 
negative errors (Wilcox et al., 2013). 

Target loci are typically within the mitochondrial genome 
because of its greater biological abundance and higher level 
of coverage in genetic databases; however, selecting the cor- 
rect gene region for a targeted eDNA barcoding approach 
will ultimately depend on how much intra- and interspecies 
variability is found for the species of interest at a particular 
gene. Environmental DNA barcoding studies to date have 
designed species-specific assays within a wide range of 
genes, including cytochrome b (Hunter et al., 2015; Spear 
et al., 2015; Wilcox et al., 2013), COI (Brandl et al., 2015; 
Gargan et al., 2017; Nathan et al., 2014b; Simpfendorfer et 
al., 2016), nicotine adenine dinucleotide dehydrogenase sub- 
unit 4 (NADH4) (Hunter et al., 2015; Weltz et al., 2017), 16S 
(Robson et al., 2016), and 12S (Furlan and Gleeson, 2016a; 
Secondi et al., 2016). 

In studies where a large number of species co-occur, 
some of which may be closely related, finding a suitable 
gene to design a species-specific or even genus-specific 
primer assay may be challenging. This may also be true for 
sharks and their relatives. Sharks, and most likely also rays, 
appear to have slow mutation rates in mtDNA compared to 
other vertebrates (i.e., mammals and teleost fish) that lead 
to lower genetic variation (Martin, 1995, 1999; Martin et 
al., 1992). For example, mitogenomic sequencing in the 
critically endangered speartooth shark (Glyphis glyphis) has 
revealed one of the lowest known levels of genetic diversity 
(Feutry et al., 2014). Increasingly, primer assays are being 
designed using whole mitogenome sequencing to find suit- 
able gene regions (Hunter et al., 2015), as this increases the 
chances of finding suitably variable gene regions, potentially 
in less commonly used alternative regions that exhibit useful 
polymorphisms. 

In contrast, when choosing a suitable genetic marker 
for eDNA metabarcoding, a genomic region with sufficient 
sequence variability must be targeted in order to be able 
to distinguish closely-related species. It must be flanked by 
conserved regions, which act as primer attachment sites. 
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Moreover, a region with many copies per cell is preferable, 
as this natural abundance of DNA sequences will facilitate 
amplification; hence, organelle genomes, such as mitochon- 
drial or chloroplast DNA, or ribosomal RNA clusters are 
usually preferred targets (Wangensteen et al., 2017; Wilcox 
et al., 2013). For eDNA applications, the target fragment 
length must be relatively short, as eDNA released in the 
environment rapidly degrades into small fragments; thus, 
the chances of amplifying the full length of the marker 
from eDNA is inversely proportional to the length of the 
chosen marker (Wangensteen et al., 2017). For eDNA 
metabarcoding, additional considerations apply, as the most 
popular method for eDNA high-throughput sequencing, the 
Illumina platform, currently has a maximum effective read 
length of around 500 bp; however, in order to keep sequenc- 
ing error rates low, smaller fragments are preferred. The 
ideal length for an eDNA metabarcoding marker should not 
exceed 350 bp. 

The universality or specificity of the primer set is depen- 
dent on the breadth of the taxonomic scale of interest. For 
example, primer sets for the elucidation of elasmobranch 
(Bakker et al., 2017), teleost (Miya et al., 2015), or arthro- 
pod (Zeale et al., 2011) diversity can be used. Conversely, 
targeting whole eukaryotic community diversity will 
require a primer set that is as universal as possible in order 
to be able to attach to the marker flanking sequences in 
most taxonomic groups, so that all of these groups will be 
adequately amplified by PCR. As of yet, there is no ideal 
universal metabarcode that is able to amplify the full taxo- 
nomic range of a community for highly variable markers 
such as COI (Coissac et al., 2012; Deagle et al., 2014; Riaz 
et al., 2011). Thus, truly universal primers have usually been 
restricted to markers with more conserved regions such as 
18S (Guardiola et al., 2015). However, the development of 
primers including deoxyinosine (a nucleotide that comple- 
ments any of the four natural bases) in the fully degenerated 
sites of the sequence may improve the universality of COI 
primer sets (Wangensteen et al., 2017). 

The use of COI as a metabarcoding marker has previ- 
ously been criticized, as it has been observed that high rates 
of sequence variability impair the design of truly universal 
primers and hamper bioinformatics analysis. Instead, mito- 
chondrial rRNA genes have been recommended for animal 
identification because they have a similar taxonomic resolu- 
tion as the COI marker and they present conserved regions 
that flank variable regions, which allows the design of prim- 
ers with high resolution power for the target taxonomic 
group (Deagle et al., 2014). However, it may be argued 
that COI presents two major advantages over other poten- 
tial markers. First, the steadily growing international effort 
headed by the Consortium for the Barcode of Life (CBOL) 
to develop a public DNA barcoding database with curated 
taxonomy greatly facilitates taxonomic assignment. Also, 
the BOLD database (http://www.boldsystems.org/) (Hebert 
et al., 2003a; Ratnasingham and Hebert, 2007) currently 
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includes >4 million sequences belonging to over 500,000 
species, curated and identified by expert taxonomists. 
Second, the high mutation rate of COI ensures unequivocal 
identification at the species level, which is crucial for studies 
aimed at detecting rare or invasive species, such as may be 
the case for sharks, whereas the highly conserved sequences 
of other markers, such as 18S, often make it impossible to 
distinguish at the species or genus levels. 


14.3.2.2 Design and Validation of qPCR Assays 


The two common types of qPCR assays are based on inter- 
calating dyes (e.g., SYBR green dye) and fluorescent probes 
(e.g., TaqMan™). The intercalating dye method makes 
use of two primers that amplify the target region, which 
is quantified by a fluorescent dye that binds to the double- 
stranded DNA (dsDNA) of the PCR amplicon. This method 
is very cost effective and relatively easy to design; however, 
intercalating dye-based methods tend to be less specific, 
as the dye can bind nonspecifically to any double-stranded 
DNA, such as primer dimer and nonspecific products. To 
minimize this problem, it is advisable to carry out a melt- 
ing curve analysis. Furthermore, this method is prone to 
non-specific fluorescence in low-concentration targets. 
On the other hand, a fluorescent probe assay consists of 
two parts. The first component is composed of two flank- 
ing primers, similar to the primers used in the dye-based 
method. The second component constitutes of a hydrolysis 
probe, located close to the 3’ end of either the forward or 
reverse primer, which consists of a species-specific DNA 
sequence, a fluorescent dye, a quencher and, most com- 
monly, a minor groove binding (MGB) modification that 
improves specificity and reduces the required length of the 
probe. The combination of species-specific primers and a 
probe increases the specificity of the assay and decreases 
the amplification of nonspecific products such as primer 
dimer. This removes the need for a melting curve analy- 
sis. Furthermore, the sequence-specific nature of the probe 
allows for multiplexed assays through the use of multiple 
probes with differently colored dyes. Disadvantages of fluo- 
rescent probe-based assays include increased difficulty in 
design and higher costs. 

Irrespective of the assay type, it is recommended to 
follow the manufacturer’s instructions on primer and 
probe design (e.g., Taylor et al., 2010). Programs such as 
Geneious (http://www.geneious.com) (Meintjes et al., 
2012) and Allele[D® (Premier BioSoft; Palo Alto, CA) can 
be used to assist in primer or probe design. The specificity 
of the primer and probe should be assessed visually for the 
number of mismatches to exclusion species. Mismatches 
toward the 3’ end of primers and the middle of a hydrolysis 
probe are preferred. Furthermore, the online tool Primer- 
BLAST (www.ncbi.nlm.nih.gov/tools/primer-blast/) can 
be used to further assess the specificity of the primers 
against a wider database. 
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When designing a species-specific qPCR assay it is 
important to assess the occurrence of false-positive and 
false-negative results. False positives occur when another, 
usually closely related, species (i.e., exclusion species) is 
detected instead of the target species. The likelihood of false- 
positive detections is determined by the assay specificity to 
the target species and can be difficult to achieve with closely 
related species. In contrast, false negatives occur when DNA 
of the target species is present but not detected. One cause 
of false negatives is assay sensitivity, which is synonymous 
with limit of detection and describes the smallest detectable 
amount of target eDNA. The second possible cause of a false- 
negative result can occur if the probe or primer sequences 
do not match the sequence of the local population being 
tested due to genetic variability between populations and 
therefore fail to amplify the target. To avoid false-positive 
and false-negative results, sequence information of the target 
and co-occurring exclusion species should be collected and 
assessed in silico to design a species-specific assay. When 
the assay has been designed and in silico tested, it is impera- 
tive to also carry out laboratory testing. The efficiency of the 
assay should be tested using either genomic DNA (gDNA) or 
an artificial oligo of the target sequence. When the optimal 
qPCR parameters have been determined, the assay should 
be tested against gDNA of all potential exclusion species, 
as well as gDNA of the target species collected from across 
the range if possible. Finally, the designed probes should be 
validated using tank and field-collected positive and negative 
eDNA samples. 


14.4 CHALLENGES OF eDNA STUDIES 


14.4.1 Contamination 

One of the main challenges associated with the use of CDNA 
is dealing with false-positive and false-negative detections 
(Darling and Mahon, 2011). Due to the high sensitivity of 
eDNA methods, the most serious stumbling block is the 
risk of contamination (Goldberg et al., 2016; Thomsen and 
Willerslev, 2015) and hence the possibility of introducing 
false-positive results. Contamination of samples may occur 
anywhere from preparing sampling equipment and collect- 
ing the samples in the field (target DNA being carried unin- 
tentionally from one locality to another) to every subsequent 
step of sample preparation, DNA extraction, and analysis 
in the laboratory. Due to the frequent use of PCR, gener- 
ating billions of DNA copies, contamination occurring in 
the laboratory can potentially have serious implications for 
the resulting dataset, with important downstream repercus- 
sions on conservation and management decisions based on 
these results. Thus, precautions must be taken at all stages 
by putting strict procedures in place both in the field (estab- 
lishing clean and consistent field collection protocols) and 
in the laboratory (implementing strict, clean lab protocols) 
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in order to prevent the occurrence of contamination. This 
includes the use of disposable gloves and the disinfection/ 
bleaching of sampling devices and all laboratory equip- 
ment. Additionally, filtration, DNA extraction, and PCR 
procedures, as well as pre- and post-PCR procedures, must 
be separated physically to limit the risk of contamination 
(Goldberg et al., 2016; Wilson et al., 2015). Moreover, to 
monitor potential contamination (i.e., to identify the source 
of contamination when it occurs), the inclusion of field 
blanks (clean water sampled using the same protocol and 
equipment and preserved and processed in exactly the same 
way as the actual field samples), DNA extraction blanks, and 
PCR blanks is essential (De Barba et al., 2014). 


14.4.2 eDNA Detectability 


14.4.2.1 Abiotic and Biotic Factors 
Influencing eDNA Detectability 


14.4.2.1.1| eDNA Shedding Rates 


The availability of detectable eDNA in environmental 
samples is reliant on the underlying premise that all organ- 
isms shed genetic material. Earlier studies on terrestrial 
vertebrate eDNA detection in aquatic environments imply 
that the most probable origin of eDNA is fecal material 
(Martellini et al., 2005). Although this may be true for a 
wide range of taxa, the origin of DNA from aquatic organ- 
isms is also linked to species-specific physiological charac- 
teristics including skin properties, such as slimy coatings 
on amphibians (Ficetola et al., 2008) and fish (Jerde et al., 
2011); metabolic rates (Klymus et al., 2017); reproductive 
mode and timing (Bylemans et al., 2017; Spear et al., 2015); 
feeding rates (Sassoubre et al., 2016); and environmental 
tolerance (Lacoursiere-Roussel et al., 2016; Robson et al., 
2016). The composition of eDNA containing genetic mate- 
rial from these origins remains relatively unclear and par- 
ticularly difficult to study; however, many complex factors 
influence eDNA shedding rate, and, as such, interpretation 
of eDNA detection results benefits from a complete under- 
standing of the ecology of eDNA. 

Overall, in marine and freshwater organisms, it is 
largely understood that eDNA shedding rates are fore- 
most positively related to individual or population biomass 
(Pilliod et al., 2014; Stoeckle et al., 2017; Thomsen et al., 
2016; Weltz et al., 2017). It is this correlation that underpins 
the use of eDNA concentration in water as a proxy measure 
of biomass of the focal organisms, which has been applied 
to both species-specific (Doyle et al., 2017; Sigsgaard et al., 
2016) and population-level questions (Kelly, 2016; Leray and 
Knowlton, 2015; Miya et al., 2015; Yamamoto et al., 2017). 
In tank-based experiments, eDNA release rates demon- 
strated positive linear relationships with biomass (Klymus 
et al., 2015; Sassoubre et al., 2016). However, it is likely that 
this relationship is more complex, as authors have observed 
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highly variable eDNA production rates among individuals 
unrelated to biomass and suggest that this variation may 
be attributable to animal physiology (Buxton et al., 2017; 
Maruyama et al., 2014; Pilliod et al., 2014; Wilcox et al., 
2016). In juvenile fishes, it was concluded that ontogenetic 
factors, such as differences in behavior and metabolism, 
increased eDNA shedding rates per body weight compared 
to adult conspecifics (Klymus et al., 2015; Maruyama et 
al., 2014). Moreover, recent work has suggested that stress 
and feeding behavior can influence eDNA shedding rates 
(Sassoubre et al., 2016), but these behaviors are intertwined 
with the physiological tolerances of aquatic organisms 
(Lacoursiere-Roussel et al., 2016). Additionally, the eDNA 
contribution from different life stages may vary seasonally. 
For example, strong temporal increases in eDNA concen- 
tration have been observed during months associated with 
seasonal migration and breeding (Buxton et al., 2017; Doi et 
al., 2015b; Fukumoto et al., 2015; Spear et al., 2015). 

Seasonal migrations and patterns of occurrence asso- 
ciated with specific behaviors are dictated by metabolic 
function, which, in most sharks, is determined by water 
temperature. As water temperature increases, mobility and 
metabolic rate increase until the upper limit of physiological 
tolerance is reached. Some sharks also perform diel verti- 
cal migrations to conserve energy in deeper, cooler waters 
and search for prey when near the surface in warmer water 
(Sims et al., 2006). Increased water temperature and diges- 
tive function, coupled with movements associated with prey- 
seeking and feeding behavior, lead to the increased excretion 
of metabolic waste and the release of epidermal cells con- 
taining genetic material. Although some studies have shown 
no effect of temperature on the accumulation or shedding of 
eDNA in fishes (Klymus et al., 2015; Takahara et al., 2012), 
a recent study on the tropical invasive fish species tilapia 
(Oreochromis mossambicus) showed increased eDNA shed- 
ding rates at 35°C, a temperature well within their known 
thermal tolerance (Robson et al., 2016). Moreover, estimates 
of fish biomass in aquaria samples were better reflected in 
warmer water as supported by higher eDNA concentration 
and shedding rates from fish in warm water compared to 
colder water (Lacoursiere-Roussel et al., 2016). 

Other physiological attributes such as skin properties 
provide clues to possible origins of eDNA-bearing particles. 
High eDNA detection success rates have been observed 
for fish that produce slimy coatings (Jerde et al., 2011). 
Comparably, sharks and their relatives also produce epider- 
mal mucus (Meyer and Seegers, 2012; Tsutsui et al., 2009). 
The mucus layer on the skin surface of demersal sharks 
and rays (e.g., angel sharks, Squatina spp.) is comparatively 
thicker than that of pelagic, fast-moving, predatory sharks, 
but, independent of the variation in mucus production 
among species, all elasmobranchs have a functional mucus 
layer covering the skin surface (Meyer and Seegers, 2012). 
This suggests that a mucus-derived genetic material may 
contribute to a portion of all elasmobranch eDNA. 
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14.4.2.1.2 Degradation of eDNA in the Environment 


As eDNA possesses limited chemical stability (Lindahl, 
1993), once shed from an organism it begins to degrade into 
small fragments and becomes undetectable within hours to 
weeks (Dejean et al., 2011; Piaggio et al., 2014; Pilliod et al., 
2014). Degradation is the primary mechanism limiting detec- 
tion of species through eDNA. However, due to the short 
lifespan of eDNA it is thought to provide approximate real- 
time data on species’ presence in the environment. The per- 
sistence of eDNA for aquatic taxa has been estimated at 15 to 
30 days for freshwater fishes (Dejean et al., 2011; Takahara 
et al., 2012) and hours to 7 days for marine fishes (Thomsen 
et al., 2012a), after which time eDNA concentrations drop 
below the detection limit. In specific reference to sharks and 
their relatives, it is accepted that eDNA exponentially decays 
in aquatic environments and becomes undetectable within 
hours and up to 5 days (Sigsgaard et al., 2016; Weltz et al., 
2017). For example, in controlled degradation experiments, 
the concentration of whale shark (Rhincodon typus) cDNA 
dropped an order of magnitude within the first 48 hours and 
was no longer detectable 8 days after sampling (Sigsgaard 
et al., 2016), and Maugean skate (Zearaja maugeana) eDNA 
remained detectable for up to 5 days (Weltz et al., 2017). 

Environmental conditions play an integral role in 
eDNA persistence and degradation (Barnes et al., 2014). 
Understanding the interactions of environmental factors con- 
trolling degradation is essential to inferring the limits of tem- 
poral and spatial inference of eDNA detection results. Drivers 
of eDNA degradation are classified into three categories: (1) 
DNA characteristics, including length, conformation, and 
association with membranous material (Taberlet et al., 2012a; 
Willerslev et al., 2007); (2) abiotic environment, including 
temperature, pH, UV radiation, oxygen, and salinity (Barnes 
et al., 2014; Pilliod et al., 2014; Strickler et al., 2015; Weltz 
et al., 2017); and (3) biotic environment, including exogenous 
enzymes and microbial activity (Dejean et al., 2011). 

Fragments of DNA in the environment occur in differ- 
ent lengths, sequences, and conformations, thus influenc- 
ing how eDNA binds to other particles and interacts with 
microbes in the environment (Lennon, 2007; Ogram et al., 
1988) and altering the rate of degradation. Binding to sedi- 
ment particles can play a role in eDNA preservation (Turner 
et al., 2015), as does containment within cellular or organelle 
membranes, by providing protection to external degradative 
forces. Marine sediment eDNA concentrations have been 
shown to be three orders of magnitude higher than those of 
eDNA in seawater (Torti et al., 2015). Moreover, DNA has 
a stronger affinity for clay particles compared to sand or silt 
(Romanowski et al., 1992), and, although sediments are not 
typically sampled in a presence/absence or contemporary 
occurrence survey because of the longevity of eDNA, con- 
sideration should be given to the potential resuspension of 
sediments in the water column and the subsequent increased 
probability of detecting this preserved eDNA. 
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Marine and freshwater tropical environments have high 
surface temperatures (sometimes above 30°C) and elevated 
UV radiation at sea level that may increase eDNA degradation 
rates and reduce its persistence in the water, decreasing the 
detection probability (Barnes et al., 2014). Higher tempera- 
tures can denature DNA molecules, albeit when temperatures 
are >50°C, and indirectly increase microbial metabolism 
and exogenous nuclease activity (Fu, 2012; Kreader, 1998). 
For example, Robson et al. (2016) showed that high water 
temperatures of up to 35°C did not affect eDNA degrada- 
tion rates of the invasive Mozambique tilapia (Oreochromis 
mossambicus). Ultraviolet radiation, particularly UVB, can 
directly damage DNA (but see Andruszkiewicz et al., 2017) 
and has variable effects on exogenous nuclease production, 
indirectly inhibiting eDNA persistence. 

Acidic, hypersaline, or anoxic environments can influ- 
ence eDNA stability and increase degradation rates. 
Deviation from neutral pH may reduce degradation rates, 
especially considering the pH requirements of extracellu- 
lar microbial enzymes that are considered to have a large 
impact on eDNA degradation (Sigsgaard et al., 2015). Highly 
saline samples may have negative downstream effects, such 
as inhibition of PCR, but this can be mediated by adding an 
ethanol wash step to the DNA extraction process in order to 
remove monovalent Na’ ions (Foote et al., 2012). The inter- 
action of all biotic and abiotic factors combined is likely to 
have variable and synergistic effects on the mechanism of 
eDNA degradation in aquatic systems. 


14.4.2.1.3 Variability in eDNA Capture Rate 


Understanding the physical movement of eDNA in the envi- 
ronment is essential for correctly inferring the presence of 
organisms in space and time and, hence, drawing robust 
conclusions within spatial and temporal boundaries (Barnes 
and Turner, 2016). Environmental DNA represents a com- 
plex mixture of particles ranging in size and composition 
which behave independently and move freely in aquatic 
environments. These particles are randomly and heteroge- 
neously distributed in the water column as a result of spatial 
clumping (Furlan et al., 2016b). The greater the degree of 
clumping and uneven dispersal of target DNA, the greater 
the likeliness of false negatives. Consequently, detection 
sensitivity for a given sampling protocol will vary tempo- 
rally and spatially, between samples and from site to site, 
depending on the concentration and dispersion of target 
eDNA (Furlan et al., 2016b; Weltz et al., 2017). Differences 
in eDNA detection sensitivity across space and time may 
also be the result of differences in activity levels or other 
site-level factors that influence eDNA concentration, includ- 
ing the density or biomass of the target species (see Sections 
14.4.2.1.1 and 14.4.2.1.2). The use of hierarchical occupancy 
and detection sensitivity models that account for the specific 
survey methods used, both in the field and laboratory, can 
be applied to optimize capture and detection probabilities 


270 


(Furlan et al., 2016; Schmidt et al., 2013). Furthermore, it is 
recommended that sample replication be increased at indi- 
vidual sites as well as between study areas. 


14.4.2.2 Habitat and Ecosystem Effects 
14.4.2.2.1_ eDNA Transport: Lentic vs. Lotic Systems 


Although the high sensitivity of eDNA assays in mesocosms 
and lentic systems (still waters) is well established (Thomsen 
et al., 2012b), studies in lotic systems (flowing waters) have 
more varied results, with potentially important management 
and conservation implications. This is typically illustrated 
with eDNA assays that show high detection rates (100%) 
when tested in ponds but have much lower detection rates 
when used in the target species’ natural lotic environment 
(54%) (Thomsen et al., 2012b). Environmental DNA occurs 
at very low concentrations in the aquatic environment and 
can be heterogeneously distributed. Thus, knowledge of how 
eDNA distribution is affected by water movement (e.g., cur- 
rents, eddies, waves) and what additional interacting external 
drivers may affect its detectability, such as abiotic and biotic 
factors involved in eDNA persistence in the environment 
(see Section 14.4.2.1.2) (Barnes et al., 2014; Jane et al., 2015; 
Strickler et al., 2015), is crucial for the successful detection 
of species in their environment. This is particularly the case 
for the detection of rare species, for which eDNA concentra- 
tions are likely to be at their lowest (Takahara et al., 2012) 
and the risk for false-negative errors high. 

Long-distance transport of eDNA from hundreds of 
meters to several kilometers has been reported in river sys- 
tems and should always be taken into account in eDNA stud- 
ies in lotic systems (Deiner and Altermatt, 2014; Jane et al., 
2015). Although it could easily be expected that DNA would 
travel much larger distances in highly dynamic systems such 
as open oceans or flowing rivers compared to more stagnant 
systems such as ponds and lakes (Deiner and Altermatt, 2014; 
Shogren et al., 2016), recent work on a dynamic marine coast- 
line found evidence that eDNA transport was limited to the 
extent that eDNA metabarcoding methods were able to detect 
differences among vertebrate communities separated by less 
than 100 m (Port et al., 2016). Also, Gargan et al. (2017) were 
able to detect the Chilean devil ray (Mobula tarapacana) 
using a targeted eDNA approach at four out of five remote 
seamounts that were sampled around the Azores, consistent 
with visual observation data. However, failure to detect target 
eDNA ata location where the species had been observed high- 
lights the influence of detection stochasticity and the need for 
further investigations into how eDNA transport and degrada- 
tion affect species detection in open ocean environments. 

Ultimately, for eDNA to be a useful tool for monitoring 
species, including low-abundance species (imperiled or inva- 
sive), the functionality of an eDNA assay will depend not only 
on its ability to detect the species in its environment but also 
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on its ability to take into account external factors in eDNA 
study designs. These include factors such as the physiology 
and space use of organisms (Goldberg et al., 2016), as well as 
the environmental conditions that reduce eDNA persistence. 


14.4.2.2.2 Freshwater vs. Seawater: How 
Are Marine Systems Likely to 
Differ from Freshwater Ones? 


For both freshwater and marine ecosystems, eDNA detection 
is correlated with abundance of the target species and the rate 
by which DNA is released and degraded by biotic and abiotic 
factors (Thomsen et al., 2012a,b). A considerable amount of 
aquatic eDNA research has been focused on freshwater sys- 
tems (e.g., Dejean et al., 2011; Ficetola et al., 2008; Gustavson 
et al., 2015; Jerde et al., 2011; Laramie et al., 2015; Takahara 
et al., 2012). Only more recently have eDNA studies focused 
on species detection in seawater samples (e.g., Foote et al., 
2012; Gargan et al., 2017; Sigsgaard et al., 2016; Thomsen et 
al., 2012a, 2016; Weltz et al., 2017). Although many of these 
have been carried out in controlled environments, such as 
aquarium tanks (Foote et al., 2012; Kelly et al., 2014; Miya 
et al., 2015), more recently successful eDNA studies have 
been reported from natural marine environments as varied 
as coastal waters (Weltz et al., 2017; Yamamoto et al., 2017), 
open-ocean seamounts (Gargan et al., 2017), offshore oil 
fields (Saghai et al., 2015; Sigsgaard et al., 2016), and conti- 
nental slope depths (Thomsen et al., 2016). 

The current lag in eDNA studies and research and devel- 
opment in marine ecosystems may stem from the percep- 
tion that species detection from seawater samples may be 
more challenging compared to freshwater due to the larger 
body of source water and strong tidal and current action 
potentially diluting and dispersing the eDNA up to 100s of 
kilometers away (Thomsen et al., 2012a; but see O’Donnell 
et al., 2017) and perhaps also due to the high salinity of 
the samples decreasing sample preservation and increas- 
ing risks of PCR inhibition (Wilson, 1997). Environmental 
DNA is subject not only to transport but also to degrada- 
tion from exposure to various biotic and abiotic stressors 
(i.e., temperature, salinity, pH, UVB, enzymes; see Sections 
14.4.2.1.2, and 14.4.2.4.1) (Goldberg et al., 2016). However, 
how these combined factors affect the potential of eDNA 
techniques to detect marine organisms in coastal or open 
ocean environments has seldom been investigated, and most 
marine studies in this field have only focused on determin- 
ing eDNA shedding and decay rates in a handful of spe- 
cies (Andruszkiewicz et al., 2017; Sassoubre et al., 2016; 
Sigsgaard et al., 2016; Thomsen et al., 2012b). DNA deg- 
radation in seawater has previously been suggested to be 
substantially faster than in freshwater, with an empirical 
turnover rate as low as 10 hours (Dell’Anno and Corinaldesi, 
2004). Although abiotic and biotic stressors in the marine 
environment are likely to differ from those impacting 
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freshwater systems (Thomsen and Willerslev, 2015), it is not 
clear which of these are mostly responsible for the increased 
rate of eDNA degradation. A recent study investigating the 
impact of sunlight (UVB and UVA+UVB radiation) on the 
decay of Pacific chub mackerel (Scomber japonicus) cDNA 
in a marine water mesocosm concluded that sunlight was not 
an important factor in controlling eDNA degradation and 
suggested that factors other than sunlight, such as bacteria, 
grazers, and enzymes, are likely to have a more substan- 
tial impact (Andruszkiewicz et al., 2017). Moreover, experi- 
ments by Weltz et al. (2017) suggest that the time it takes 
for Maugean skate (Zearaja maugeana) eDNA to degrade 
beyond its detection limit was influenced by the dissolved 
oxygen (DO) concentration in the eDNA sample. 

Environmental DNA in freshwater systems has been 
shown to degrade beyond the threshold of detectability 
within a short time frame (days to weeks) (Dejean et al., 
2011; Piaggio et al., 2014; Pilliod et al., 2014; Thomsen et 
al., 2012b), providing a real-time measure of species pres- 
ence. Conversely, in the marine environment, eDNA may 
decay below the detection threshold in as little as 4 hours 
after sampling (Weltz et al., 2017). Other studies have also 
indicated slightly slower rates of degradation, on a scale of 
days (Andruszkiewicz et al., 2017; Sigsgaard et al., 2016). As 
the rate of degradation of eDNA is inherently linked to both 
the starting concentration and the abiotic factors promoting 
degradation of the sample (e.g., UV, pH), it is possible that 
one of the drawbacks of eDNA studies in seawater is the 
inherently greater dilution of the eDNA signal. This makes 
the detection of sharks and rays in seawater all the more 
challenging, although not impossible, as a growing number 
of studies have shown (Bakker et al., 2017; Gargan et al., 
2017; Sigsgaard et al., 2016; Weltz et al., 2017). 

Field and laboratory practices for the application of 
eDNA analysis to seawater may be modified to counter some 
of these constraints. Larger volumes of water (e.g., 10 L vs. 2 
L) and a larger number of field replicates within a study area 
may be collected to counter for the greater water volume- 
to-biomass ratio of marine systems. Because eDNA con- 
centrations are expected to be lower in the open ocean than 
in river systems, this is particularly pertinent when dealing 
with species that are likely to occur in low numbers or that 
are sparsely distributed. 

Due to the aforementioned challenges and the need for 
further research, the detection of marine species using envi- 
ronmental DNA should for now be considered only at a local 
scale. Moreover, caution should be exercised when using 
eDNA concentrations or metabarcoding reads for the esti- 
mation of abundance of fish species in marine systems until 
further work is carried out to elucidate the persistence of 
eDNA under the influence of biological, environmental and 
physical processes and how processes such as eDNA shed- 
ding (source), decay (sink), and transport can be integrated 
into reliable estimates of abundance. 
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14.4.2.2.3. Challenges Specific to 
Tropical Ecosystems 


Since the introduction of eDNA into mainstream environ- 
mental research, the majority of eDNA studies and research 
and development investigations have been applied to tem- 
perate systems (see summary in Table | in Thomsen and 
Willerslev, 2015). Comparatively very little research has 
been applied to tropical aquatic systems and the applicabil- 
ity and reliability of current eDNA methods for effective 
species and community detection, and conservation man- 
agement in these environments is less clear. The tropics pres- 
ent their own set of challenges, with eDNA in marine and 
freshwater tropical environments exposed to more extreme 
conditions for longer and more frequent periods of time. 
Tropical aquatic systems have high surface water tempera- 
tures (sometimes >40°C), elevated UV radiation at sea level, 
and higher levels of microbial activity that may increase 
eDNA degradation rates and reduce their persistence in the 
water (Barnes et al., 2014). Furthermore, seasonal precipita- 
tions (wet season) lead not only to increased turbidity due 
to high sedimentation and algal loads but also to increased 
dilution effects due to high water flow rates (Figure 14.3). 
The interaction of these factors, specific to tropical systems, 
is likely to significantly influence the detection of DNA. 

It has been suggested that elevated temperatures may 
accelerate the rate of eDNA degradation (Strickler et al., 
2015). Indeed, Moyer et al. (2014) showed in their trials that 
for every 1.02°C increase in temperature, the per-liter sam- 
ple probability of eDNA detection decreased by 1.67 times. 
However, a similar trend was not reported by Robson et al. 
(2016), who found that water temperatures of up to 35°C 
had no detectable effect on invasive Mozambique tilapia 
(Oreochromis mossambicus) eDNA degradation rates. On 
the other hand, relatively high temperatures (35°C), but well 
within the range of tropical river systems, have been found 
to significantly increase fish eDNA shedding rates (Robson 
et al., 2016), which is likely due to increased metabolism 
or thermal stress, thus potentially positively affecting the 
detection probability of eDNA. Similarly, another study has 
indicated that fish release more eDNA in warm water than 
in cold water and that eDNA concentration better reflects 
fish abundance/biomass at high temperatures (Lacoursiere- 
Roussel et al., 2016). 

Exposure to high levels of ultraviolet radiation, par- 
ticularly ultraviolet B (UVB) light, can photochemically 
damage DNA, and aquatic environments at higher eleva- 
tions or closer to the equator are more likely to experience 
increased effects of UVB radiation on eDNA degradation 
rate (Strickler et al., 2015). It is likely, however, that it is the 
interaction of multiple factors (pH, solar radiation, and tem- 
perature) either directly or mediated through the biological 
community that influences the process of eDNA degradation 
in aquatic systems (Strickler et al., 2015). 
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Figure 14.3 Tropical aquatic systems present a number of added challenges to eDNA studies, including (A) clogged filters due to (B) high 
sediment and algal loads; (C) increased water flow and eDNA dilution effects during wet season precipitation events; and (D) 
dangerous wildlife. (Photograph credits, clockwise: Agnés Le Port, Zoe Bainbridge, lan McLeod.) 


High turbidity levels resulting from increased sedimen- 
tation and algal growth occur seasonally in tropical aquatic 
systems. These conditions present several challenges when 
collecting eDNA samples. Rapid clogging of filtering appa- 
ratus, including filters (Figure 14.3), requires the use of 
multiple filters per sample or filters with a larger pore size, 
resulting in either increased filtration times (hours per sam- 
ple) or decreased capture rates of eDNA molecules. The 
presence of resuspended sediment in water samples may also 
affect the temporal scale of the data and lead to downstream 
PCR inhibition of samples. Although eDNA in water reflects 
the current state of an ecosystem, eDNA can persist on the 
order of years in soils and sediments (Pedersen et al., 2015); 
thus, mixing of contemporary and historic eDNA deposits 
could lead to misinterpretations as to the actual presence of 
a rare or invasive species in habitats of pressing environmen- 
tal concern. Moreover, higher flow rates following wet-sea- 
son precipitation events may lead to false negatives due to 
longer than usual downstream transport distances of DNA. 

Several strategies may be adapted to tackle some of 
the challenges associated with eDNA studies in the trop- 
ics. Experimental designs and sampling strategies may be 
adapted to the conditions encountered. Suggested strategies 


include avoiding sampling during the wet season or right 
after heavy precipitation events, avoiding sampling during 
the hottest part of the day or during summer temperature 
highs, decreasing the risk of eDNA degradation by target- 
ing areas/habitats that are less exposed (e.g., shaded, still), 
and filtering and preserving samples as soon as is practically 
possible. When sampling during heavy precipitation events 
cannot be avoided, increasing sample replication and sample 
volumes collected, as well as targeting samples from slow 
flowing or stagnant areas, is recommended. To avoid rapid 
clogging of the filtering apparatus and filters, filters with a 
larger pore size may have to be used. Filtering trials should be 
performed in order to identify the most optimal compromise 
between filtering constraints (e.g., filtering time, number of 
filters per sample) and eDNA capture probability for the spe- 
cies and environment of interest. For example, Robson et al. 
(2016) found that Mozambique tilapia (Oreochromis mos- 
sambicus) eDNA detectability decreased from 100% to 57% 
when using 3-um and 20-um filters, respectively. However, 
the significantly larger pore size decreased the filtering time 
from 44 minutes to 1.5 minutes per sample. In areas where 
dangerous wildlife co-occurs (e.g., crocodilians; see Figure 
14.3), putting the sampler at risk, an extendable pole (Figure 
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14.2) or a remotely operated sampling device (e.g., drone) 
may be used to collect samples safely. Finally, PCR inhibi- 
tion due to high levels of humic substances (e.g., humic acid, 
fulvic acid) in water samples is problematic. Strategies such 
as the use of PCR inhibition removal columns or dilution of 
samples should be applied in tropical aquatic systems. 


14.4.3 Reference Databases 


Regardless of whether a species-specific barcoding or a 
community-based metabarcoding approach is chosen, the 
reference database is a crucial starting (and end) point. When 
designing a species-specific qPCR assay, the reference data- 
base provides sequence information for target and exclusion 
species to ensure the specificity of the assay to the target 
species. In contrast, in eDNA metabarcoding approaches, 
the reference database is also used for taxonomic identifi- 
cation. If a specific species is present in a sample, but its 
barcode sequence is missing from the database, it will not 
be possible to identify it down to species level (but rather 
to genus or family) in an eDNA metabarcoding analysis. It 
is essential to have a broad, accurate, and curated sequence 
database. GenBank® can be used as a starting point, but it 
may be necessary to collect samples from populations in the 
target region to build a bespoke reference database appropri- 
ate for the sampling region. The Barcode of Life database 
may be of limited use, as it contains only COI sequences, 
which may not always be suitable for assay development. 
Certain gene regions may be too variable, making it very 
difficult to design universal primers, or, conversely, they 
may not be variable enough, making it difficult to create 
species-specific qPCR assays or to distinguish among dif- 
ferent taxa in eDNA metabarcoding. See Section 14.3.2.1 for 
more detail on selecting metabarcoding primers. 


14.5 FUTURE ADVANCES IN 
eDNA METABARCODING 
14.5.1 Quantitative Estimates Using eDNA 
Metabarcoding and Applicability to the 
Study of Sharks and Their Relatives 


14.5.1.1 Quantitative Estimates 
Using PCR and qPCR 


Both field and mesocosm/tank studies have shown that an 
increase in abundance or density of target species can lead 
to an increase in either eDNA concentration (Buxton et al., 
2017; Klymus et al., 2015; Pilliod et al., 2013; Takahara et 
al., 2012; Thomsen et al., 2012b) or detectability (Eichmiller 
et al., 2014; Lacoursiere-Roussel et al., 2016; Mahon et al., 
2013). In freshwater systems, the rate of eDNA production 
has been positively correlated with biomass for several spe- 
cies through the use of PCR and qPCR platforms, including 
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common carp (Cyprinus carpio) in artificial ponds (Takahara 
et al., 2012), common spadefoot toads (Pelobatus fuscus) 
and great crested newts (7riturus cristatus) in natural ponds 
(Thomsen et al., 2012b), and tailed frog (Ascaphus mon- 
tanus) tadpoles and both giant salamander (Dicamptodon 
aterrimus) larvae and pedomorphic adults (Goldberg et al., 
2011; Pilliod et al., 2013). Because this relationship is not a 
clear-cut one, these studies suggest that DNA can be used 
for relative rather than absolute quantification. 

The amount of eDNA in the environment depends on 
both DNA release and degradation rates (which are depen- 
dent on a range of biotic and abiotic factors) (Dejean et 
al., 2011; Strickler et al., 2015), as well as heterogeneous 
dispersal of eDNA molecules via ecological processes 
(habitat specificity of target organisms) or the presence of 
currents (Deiner and Altermatt, 2014) or eddies (particu- 
larly in the marine environment). These factors are likely to 
vary seasonally in response to environmental changes and 
the life-history stage of the species in question (Barnes et 
al., 2014; Buxton et al., 2017). For example, great crested 
newt (Jriturus cristatus) cDNA concentrations have been 
shown to increase within the breeding season due to repro- 
ductive behavior and egg deposition and, subsequently, 
with an increase of larval abundance (Buxton et al., 2017; 
Lacoursiere-Roussel et al., 2016). It may also be associated 
with an increased eDNA production per biomass in juve- 
niles compared to adults, resulting from increased metabo- 
lism during growth (Klymus et al., 2015). Likewise, it has 
been shown that seasonal variations in stream-dwelling fish 
eDNA concentration were related to total biomass (associ- 
ated with breeding season and larval density), rather than 
abundance or behavior (Doi et al., 2017a). These factors may 
lead to either over- or underestimation of organism density, 
and, as such, seasonal changes in eDNA concentrations may 
have implications for survey strategies, taking into account 
temporal and spatial patterns to target specific sampling 
windows, depending on the aim and species of the survey in 
question. As it relates specifically to sharks, over the course 
of a year there may, for example, be fluctuations in species 
densities due to seasonal migrations related to water tem- 
perature (Guttridge et al., 2017; Kajiura and Tellman, 2016; 
Kessel et al., 2016). 


14.5.1.2 Quantitative Estimates Using 
Digital Droplet PCR 


Digital droplet PCR (ddPCR), also known as a third-gen- 
eration PCR, provides a new method of sample analysis 
allowing for an accurate estimation of low concentrations 
of DNA. It has been suggested that ddPCR may be better 
suited for the detection of rare molecules in environmental 
samples compared to qPCR, as it provides more accurate 
estimates of the abundance or biomass of a target species 
(Doi et al., 2015b). Like standard PCR, ddPCR is a direct 
method that does not use calibration curves (derived from 
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target DNA standards) to estimate target DNA concentra- 
tion (Vogelstein and Kinzler, 1999), thus decreasing the 
potential for user error (e.g., pipetting error when preparing 
standards, the introduction of contamination). Instead of a 
single measurement, the target DNA in ddPCR is randomly 
allocated into approximately 20,000 discrete droplets via 
microfluidics, some of which ideally contain only one or a 
few copies of the target DNA. The PCR occurs within each 
droplet, which is subsequently individually screened via 
fluorescence measurement for the presence of target DNA 
(Hindson et al., 2011; Pinheiro et al., 2012). Increasing the 
number of partitions (i.e., droplets) improves precision and 
therefore enables resolution of small concentration differ- 
ences between nucleic acid sequences in a sample. With 
ddPCR it is possible to detect concentration differences 
between samples as low as 1.25-fold, which is more accurate 
than qPCR, which only allows for a 2-fold detection differ- 
ence (Doi et al., 2015b; Hindson et al., 2011). Homogeneous 
assay chemistries and workflows, similar to those widely 
used for real-time PCR applications (e.g., TagqMan™) are 
also used for ddPCR (Hindson et al., 2011). 

The ddPCR technique has been used to obtain absolute 
quantifications from a range of targets including a virus 
(Hindson et al., 2013), bacteria (Cavé et al., 2016; Kim et 
al., 2014), fungi (Palumbo et al., 2016), and animal cells 
(Miotke et al., 2014), and more recently a handful of fish 
species (Doi et al., 2015b; Jerde et al., 2016; Nathan et al., 
2014a). Nathan et al. (2014a) were the first to use ddPCR 
to quantify the eDNA concentration of a fish species, the 
invasive round goby (Neogobius melanostomus), in meso- 
cosm experiments. Comparing PCR, qPCR, and ddPCR 
platforms, the authors found that, although both qPCR and 
ddPCR gave consistent estimates of DNA concentration, 
smaller variations in estimates were reported for ddPCR 
(Nathan et al., 2014a). Similarly, ddPCR proved to be more 
accurate in quantifying common carp (Cyprinus carpio L.) 
eDNA at low concentrations than qPCR, suggesting that 
this platform is very promising for use in estimating species 
biomass and/or abundance related to their eDNA concentra- 
tion in the aquatic environment (Doi et al., 2015b) when the 
species-specific relationship between biomass and eDNA 
concentration in the environment has been determined. In 
lotic systems, detection of eDNA is complicated by con- 
tinuous dilution of the eDNA signal with simultaneous 
displacement downstream and/or mixing through physical 
processes (waves, currents). In a series of experiments in a 
semi-natural stream setting, Jerde et al. (2016) concluded 
that at very low eDNA concentrations, there is an advantage 
to using ddPCR, as was demonstrated by the detection of 
target eDNA by ddPCR where qPCR failed. 

Digital droplet PCR is a promising new eDNA platform 
for the estimation of fish abundance and biomass in aquatic 
systems (but for sources of bias, see Hunter et al., 2017). Due 
to its more accurate quantification of eDNA concentration and 
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better performance in the presence of PCR inhibitors in field 
samples (Doi et al., 2015a) compared to other platforms (e.g., 
qPCR), ddPCR may become the next standard method for 
reliably assessing population abundance in barcoding studies. 


14.5.1.3 Quantitative Estimates 
Using Metabarcoding 


A remaining controversial issue associated with eDNA 
metabarcoding is whether it can provide quantitative esti- 
mates; that is, are the numbers of reads obtained for each 
species proportional to the abundance or the biomass of the 
species present in the original sample? Quantification of 
eDNA relating to species abundance could provide clues to 
habitat use, thus identifying spatial conservation priorities 
such as home ranges and dispersal and migration corridors 
(Barnes and Turner, 2016). Although amplicon sequencing 
produces read counts that may contain valuable information 
about target species abundances (Evans et al., 2016; Port et 
al., 2016), the interpretation of the results of amplicon stud- 
ies, in the context of quantitative ecology, is not straight- 
forward and remains difficult (Kelly et al., 2016). This is 
in part because the precise relationship between amplicon 
abundance and taxon abundance remains unknown and 
likely varies among taxa (Evans et al., 2016), as it is argued 
that PCR products are not fully proportional to real abun- 
dances due to the existence of primer bias (Clarke et al., 
2014; Elbrecht and Leese, 2015) and instead, some advo- 
cate for the use of PCR-free methods (Zhou et al., 2013). 
Consequently, the number of sequences obtained per taxon 
may currently not be interpreted as quantitative but rather 
as semi-quantitative (Kelly et al., 2014; Pompanon et al., 
2012). For stream fish in lotic systems, a predictive model 
incorporating eDNA concentration has been developed to 
identify detection probabilities and abundance, as well as 
both eDNA production and degradation rates (Wilcox et al., 
2016). Such models that include eDNA production, trans- 
port, and decay may improve the ability to infer organism 
abundance from eDNA quantity (Barnes and Turner, 2016). 
As the relationships between eDNA and species abundance 
become clearer, the role of eDNA in estimating species 
abundance in both freshwater and marine environments is 
likely to become more valuable, increasing the potential of 
future eDNA applications in research and conservation. 
14.5.2 Increasing Reference Database 
Coverage and Taxonomic Resolution 


Currently, the taxonomic resolution of sequences from eDNA 
metabarcoding datasets often does not reach the species 
level. Moreover, taxonomic misidentification poses a signifi- 
cant problem. One of the main causes is the incomplete- 
ness of reference databases. Taxonomic resolution may be 
increased while simultaneously decreasing misidentification 
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by creating and updating a locally curated reference database. 
Moreover, when using group-specific primers, taxonomic 
resolution may be improved by complementing the prim- 
ers with one or several additional primer pairs specifically 
designed to amplify more discriminately genetic regions 
for families with many closely related species (Valentini et 
al., 2016), such as is the case for the elasmobranch family 
of Carcharhinidae (Bakker et al., 2017). Additionally, broad- 
spectrum primers often amplify non-target groups/species. 
This may potentially be overcome by the use of blocking 
primers (Vestheim and Jarman, 2008), a strategy where the 
amplification of undesired sequences is specifically blocked. 


14.5.3. Taking eDNA Analysis into the Field 


A current limitation on the range and duration of eDNA 
field work is the need to keep water samples chilled to pre- 
vent DNA degradation and ship them back to a laboratory 
for processing; however, several recent developments are 
making it possible to take eDNA assays from the lab into 
the field. This allows for rapid detection of species or even 
communities in the field, extends the range and duration of 
field trips, and removes the need to ship samples to a central 
wet laboratory. To enable field eDNA analysis, three critical 
steps must be taken. First, instead of shipping water samples 
to a central lab for filtration, the development of a mobile 
pump system allows for the filtration of water as the sam- 
ple is being collected in the field (e.g., Laramie et al., 2015) 
(Figure 14.2). Field filtration in itself already simplifies field 
collection, removes the need for shipping large volumes of 
water, and improves sample preservation. Filters can be pre- 
served in ethanol (Laramie et al., 2015), silica beads (Bakker 
et al., 2017), or modified buffers such as Longmire’s buffer 
(Renshaw et al., 2015). Next, magnetic-bead-based extrac- 
tions (e.g., Tomlinson et al., 2005) or syringe-based extrac- 
tions (e.g., DNA Water Filter Sample Prep Kit by Biomeme; 
Philadelphia, PA) remove the need for an immobile cen- 
trifugation step that is restricted to the lab. The final step, 
analysis of the samples, can be either a gPCR for a species- 
specific barcoding assay or high-throughput sequencing for 
an eDNA metabarcoding assay. Improvements in miniatur- 
ization and the use of mobile phones as small but powerful 
computing units have allowed the development of mobile 
qPCR thermocyclers such as Biomeme’s two3™, which can 
run a qPCR analysis for three samples in parallel using up 
to two fluorophores (Figure 14.4). However, the increased 
field capability comes at the cost of reduced throughput. For 
eDNA metabarcoding, mobile high-throughput sequenc- 
ing platforms such as Oxford Nanopore Technology’s 
MinION™ can be used in conjunction with a laptop to allow 
for immediate analysis of the data. They can be used to 
assess whole communities in the field (Figure 14.4). As these 
two technologies advance, the throughput of these systems 
is expected to increase further. 
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Figure 14.4 (Left) Two3™ mobile qPCR thermocycler (distrib- 
uted by Biomeme). (Right) MinION™ mobile high- 
throughput long-read sequencer (Oxford Nanopore 
Technologies). 


14.5.4 Emergence of Autonomous 
Sampling and Analysis 


Applying remote and autonomous sampling techniques for 
eDNA collection may greatly expand the potential of CDNA 
applications to inform and improve conservation efforts 
(Barnes and Turner, 2016). Hydroplane drones such as those 
employed by Valentini et al. (2016) (Figure 14.5) are a prom- 
ising way to collect large amounts of surface water with 
relatively little effort, as they can continuously filter water 
over an entire body of water and across areas otherwise dif- 
ficult to sample. The increased sample size may enhance the 
detection probability of rare species (Hoffmann et al., 2016). 
Over the past several years, robotic systems, also referred to 
as ecogenomic sensors, for the autonomous collection and 
molecular analysis of DNA samples have been under con- 
tinuous development and are already being used by marine 
microbiologists to study marine microbial behavior and to 


Figure 14.5 Hydroplane drone-assisted water sampling for eDNA 
metabarcoding. This drone is double hulled, and the 
outer hull is disposable, which minimizes the risk of 
water-body cross-contamination. (Photograph credit: 
Alice Valentini and Tony Dejean/SPYGEN.) 
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Figure 14.6 Environmental Sample Processor (ESP), a robotic microbiology laboratory that can filter water samples and either preserve 
the filtrate until recovery or process the filtrate autonomously using a variety of molecular-probe techniques. (Photograph 
credit: Todd Walsh © MBARI 2017, http://www.mbari.org/.) 


detect changes in bacterioplankton communities by utilizing 
DNA probe (qPCR) and protein arrays to detect target mole- 
cules indicative of species and substances they produce (e.g., 
algal toxins) (Ottesen, 2016; Preston et al., 2011; Scholin, 
2010). Additionally, autonomous high-resolution sampling 
and both in situ and ex situ molecular essays have been used 
to study zooplankton distribution (Harvey et al., 2012). Also, 
a variety of molecular essays, including qPCR, have been 
applied in situ on particulates filtered from seawater from 
depths up to 4000 m (Ussler et al., 2013). These robotic 
instruments (Figure 14.6) are designed to autonomously 
collect, filter, and analyze water samples from surface and 
subsurface waters and, in near real time, transmit data back 
to shore. In addition, they collect data on a wide variety of 
associated environmental parameters, such as currents, tur- 
bidity, salinity, and oxygen concentrations (Ottesen, 2016). 
They may also preserve and archive water samples for labo- 
ratory analysis after the instrument is recovered (Breier et 
al., 2014; Scholin, 2010). 

Field portable, molecular analytical techniques such as 
eDNA metabarcoding are still very challenging to imple- 
ment in the context of remote instrumentation due to the 
requirement for multiple wet-chemistry processing steps 
(including concentration, extraction, and purification of the 
target DNA, followed by amplification) (Ottesen, 2016). 
Hence, post hoc macrobial eDNA analysis of microbe-moti- 
vated samples from these systems likely represents the first 
step toward broadening their use across taxa and disciplines 
(Barnes and Turner, 2016). However, the use of ecoge- 
nomic sensors, specifically for the large-scale collection and 
analysis of macrobial eDNA, could bring about significant 
advances for molecular ecological studies and for the poten- 
tial of eDNA applications to benefit conservation. As the 


range of deployable science instruments increases and their 
operating costs decrease, ecogenomic sensors will become 
an increasingly important tool for both oceanographic and 
ecological research. It will become possible to remotely 
monitor the presence, biodiversity, and potentially abun- 
dance, of any marine species (including sharks and their 
relatives) through cost-effective, long-term, high-frequency 
eDNA sampling regimes of the water column, including 
remote and inaccessible areas, such as the deep sea. 


14.5.5 Use of Long-Range PCR 
for eDNA Applications 


As DNA possesses limited chemical stability (Lindahl, 1993), 
when it has been shed from an organism eDNA will begin 
to degrade. Hence, the general assumption regarding eDNA 
presence in an environmental sample is that most eDNA 
is highly degraded upon capture (Bohmann et al., 2014). 
Additionally, it has been shown that, in most cases, recently 
released eDNA becomes undetectable within hours to days 
(see Section 14.4.2.1.2), underlying its usefulness in providing 
approximate real-time data on species presence in the envi- 
ronment. Coupled with current sequence length limitations of 
both qPCR and high-throughput sequencing platforms, most 
eDNA research has been focused on a short-fragment PCR 
amplicon sequencing approach to characterize macroorgan- 
ismal species richness (Deiner et al., 2017; Olds et al., 2016; 
Valentini et al., 2016). Yet, one of the major drawbacks of tar- 
geting short DNA fragments is that it often limits the utility 
for species-level assignment (Deiner et al., 2016; Port et al., 
2016). This can be particularly hampered when closely related 
species are concerned (Bakker et al., 2017) due to the highly 
conserved target sequences between these species. 


ENVIRONMENTAL DNA (eDNA) 


It has been shown, however, that the largest percent- 
age of common carp (Cyprinus carpio) eDNA detected in 
water samples was from particles that ranged in size from 
1 to 10 um (Turner et al., 2014a). This is consistent with the 
presence of intact tissues or cells in aquatic environments, 
indicating that not all eDNA in a water sample is degraded. 
These findings are corroborated by earlier research on the 
detection of microbial genetic materials in the environment 
which recognized that eDNA was present in both intracel- 
lular and extracellular forms (Ogram et al., 1987). It is likely 
that multicellular organisms shed genetic material into their 
environment first as sloughed tissues and whole cells, which 
subsequently break down and release DNA into the envi- 
ronment (Barnes and Turner, 2016); consequently, eDNA 
represents a complex mixture of particles ranging from 
extracellular DNA molecules up to whole cells and aggrega- 
tions of cells (Turner et al., 2014a). This suggests that CDNA 
for species currently occupying a habitat is not primarily 
free DNA suspended in solution but could also be cellular 
or membrane-bound DNA in a coiled or circular state, with 
comparatively more structural resistance to rapid degradation 
(Deiner et al., 2017; Torti et al., 2015; Turner et al., 2014a). 

As opposed to standard PCR amplification, long-range 
PCR makes it possible to produce a fragment that encom- 
passes an entire mitogenome in a single amplification (Zhang 
et al., 2013). Hence, a recent study set out to test whether 
it is possible to amplify and sequence entire mitochondrial 
fish genomes (mitogenomes) from eDNA isolated from 
water samples by applying long-range PCR amplification 
coupled with shotgun sequencing techniques (Deiner et al., 
2017). By recovering full-length mitochondrial genes (COIL, 
cytochrome b, 12S, and 16S), this study demonstrated that 
some of the eDNA from macroorganisms currently inhabit- 
ing a water body remains intact for a short period, at least 
at the mitochondrial genome size (Deiner et al., 2017). One 
drawback of the method used in this study, however, is that 
mitogenome PCR products require shearing in order to frag- 
ment them prior to sequencing (due to the current read-length 
restrictions of the sequencing technology), and consequently 
the technique is dependent on short-fragment-based de novo 
assembly or reference mapping (remapping the short reads to 
a reference sequence). This could still be an obstacle for the 
identification of closely related species, as conserved regions 
with high-sequence similarity are difficult to accurately 
assemble from a complex mixture (Deiner et al., 2017). It is 
therefore expected that with the continued advancement of 
single-molecule and long-read technologies (e.g., improved 
cost-effectiveness, reduced error rates), such as the Oxford 
Nanopore MinION™ (Laszlo et al., 2014) (see Figure 14.4), it 
will become possible to couple long-range PCR amplification 
and sequencing without fragmentation, avoiding problems 
associated with the use of short fragments. 

Being able to sequence whole mitogenomes from eDNA, 
instead of having to rely on short-fragment PCR amplifications 
for species identification, could potentially bring about major 
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advances in taxonomic assignment; full-length barcodes, such 
as the COI region for animals (Hebert et al., 2003b), could 
be recovered in its entirety and used for species identification 
and additionally for the investigation of community structure 
and biodiversity. Future advances in long-read sequencing 
are expected to further advance eDNA applications into the 
realm of population and conservation genetics, systematics, 
and phylogeography (Deiner et al., 2017). 


14.6 SUMMARY AND CONCLUSION 


Environmental DNA is a tool with a growing list of research 
and conservation applications in environments as varied as 
terrestrial, freshwater, and marine. Initially used to gather 
presence/absence and distribution information for the moni- 
toring of species of interest, other promising lines of inquiry 
using eDNA tools now include estimates of organism abun- 
dance, the study of population genetics, diet characteriza- 
tion, and the description of trophic interactions. However, 
in order to appropriately apply these emerging applications, 
as well as refine our current grasp on presence/absence and 
whole-community eDNA studies, further research is still 
needed. Indeed, to gain a more complete understanding of 
the ecology of eDNA and increase our confidence in the 
interpretation of eDNA results, further investigations into 
how different environmental conditions affect the produc- 
tion, degradation, and detection of eDNA in a range of taxa 
are critically needed. This is particularly true for sharks 
and their relatives, for which this information has yet to be 
collected. This group’s unique biological and physiologi- 
cal traits are likely to impact eDNA persistence and deg- 
radation in their environment in different ways from those 
found in groups studied to date—namely, bony fishes and 
amphibians. Further, with over 95% of sharks and their rela- 
tives found in marine ecosystems (Dulvy et al., 2014) and 
eDNA research in this environment still in its infancy, future 
research will have to focus on filling important knowledge 
gaps in order to improve the reliability of eDNA studies in 
marine ecosystems. For example, how do environmental 
conditions in the oceans (e.g., water chemistry, UVB expo- 
sure) affect eDNA degradation and, combined with trans- 
port forces (e.g., waves, currents, eddies), influence shark 
eDNA detection? 

With a growing number of endangered or critically endan- 
gered shark and ray species (e.g., sawfish, scalloped ham- 
merhead shark), there is a clear urgency for cost-effective, 
non-invasive, and reliable methods to obtain basic distribu- 
tion, abundance, and biodiversity data to further conserva- 
tion and management efforts. Environmental DNA sampling 
can access inhospitable environments, target elusive species, 
and provide a vast reduction in labor costs. In the future, it 
may be possible to implement mechanical sampling of (shark) 
eDNA, similar to that of oil-spill-sampling buoys or military 
sonobuoys (Bohmann et al., 2014). Although improvements 
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in the methods continue to be implemented, eDNA metaba- 
rcoding has great potential for developing into an effective 
assessment tool for sharks, as it is applicable to a wide range 
of ecological goals, from mapping diversity gradients in 
response to environmental variation to monitoring the effec- 
tiveness of spatial protection measures (Bakker et al., 2017). 
Environmental DNA techniques clearly have great potential 
to aid in conservation, remediation, and restoration efforts 
of sharks and their relatives. However, although eDNA has 
shown itself to be a useful tool for identifying habitats of rare 
and endangered species over the last decade, care must be 
taken to account for the limitations and levels of uncertainty 
when applying this new tool. 
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15.1 INTRODUCTION has ravaged formerly recovering populations of charismatic 


Wildlife trafficking, including illegal fisheries and timber 
harvesting, is the fourth largest global illicit sector after 
narcotics, counterfeiting, and human trafficking, yet until 
recently law enforcement agencies have received limited 
support to address this issue (Agarwal, 2015). Wildlife crime 


megafauna on land such as elephants (Agarwal, 2015), rhi- 
noceros (Milliken and Shaw, 2012), and big cats (Saif et al., 
2016) and also threatens their marine counterparts, such as 
cetaceans (Taylor et al., 2016), tunas (Pramod et al., 2017), 
sharks (Chuang et al., 2016), and rays (Asis et al., 2014). 
There is growing public pressure to rectify this, leading to 
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local, national, and international policy reform to combat 
wildlife crime with concomitant investment in monitoring 
and law enforcement (Agarwal, 2015). Wildlife forensics, 
defined as the application of scientific knowledge to legal 
issues involving wildlife conservation, is one particular area 
of increased investment. Here, we review DNA forensics, 
defined as the use of genetic or genomic approaches to aid 
in the detection and prosecution of crimes, as it applies to 
law enforcement involving the exploitation or trade of sharks 
and rays (elasmobranchs). 

Elasmobranchs are increasingly subject to legal pro- 
tection after severe fisheries and trade-driven popula- 
tion declines have occurred all over the world (Dulvy et 
al., 2014; Worm et al., 2013). Fisheries and trade supply 
the demand for a wide range of products, including meat, 
fins (for luxury soup dishes), liver oil (for health supple- 
ments and cosmetics), skins (for leather goods), cartilage 
(for health supplements), gill rakers (for traditional Chinese 
medicine), live individuals (for the aquarium trade), and ros- 
tra, jaws, and teeth (for curios) (Dent and Clarke, 2015; Wu, 
2016). Of more than 1100 species of elasmobranchs poten- 
tially exploited for these products, about 25% are currently 
threatened with extinction (Dulvy et al., 2014), although a 
few populations, primarily in the United States, Canada, 
Australia, and New Zealand, are successfully being man- 
aged for sustainability (Simpfendorfer and Dulvy, 2017). 
Some species and populations are only modestly affected 
by exploitation due to factors including relatively high pro- 
ductivity, inaccessible distribution or habitats, low catch- 
ability in typical fishing gear, and low commercial value. In 
contrast, a number of exploited elasmobranchs have fared 
poorly under unregulated fishing due to low productivity, 
high catchability, or deliberate targeting due to high value, 
resulting in severe reductions in their abundance (Cortés 
et al., 2009; Dulvy et al., 2014; Worm et al., 2013). These 
particularly vulnerable species are increasingly targeted 
for legislative protection. Some elasmobranchs might not 
have experienced declines in a particular jurisdiction but 
are locally valued alive for tourism or for cultural reasons, 
prompting legal measures to protect them from exploita- 
tion, including the entire taxon in some cases (e.g., shark 
sanctuaries) (Ward-Paige, 2017). 

The multispecies nature of most elasmobranchs fisheries 
coupled with low species selectivity of gear often used to catch 
them (e.g., gillnets, longlines) can result in the capture of pro- 
tected species alongside legal ones, thus setting up situations 
whereby fishery participants continue to have the opportunity 
to conduct illicit trade (Pank et al., 2001). This is enabled by 
the fact that many elasmobranch products are difficult to iden- 
tify to the species level after modest processing, which usu- 
ally takes place early enough in the supply chain to evade easy 
detection (Pank et al., 2001). Although there are guides to 
identify whole sharks and rays, dressed carcasses (http://www. 
sharkid.com/carcassguide.html), gill rakers (https://cites.unia. 
es/cites/file.php/1/files/pew-manta-ray-gill-plate-id-guide. 
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pdf), and dried unprocessed fins (Abercrombie et al., 2013), 
most shark and ray products processed further than this are 
very difficult to identify to the species level. The challenge for 
law enforcement lies in resolving whether landed and traded 
products are derived from illicitly taken individuals. Here, we 
review how DNA forensics is being applied to meet this chal- 
lenge on a global scale. We first outline the legal frameworks 
under which elasmobranchs are protected and the types of 
situations that then arise requiring law enforcement person- 
nel to turn to DNA forensics to prosecute illicit activity. We 
then review the DNA approaches that are currently avail- 
able for sharks and rays and provide an up-to-date summary 
table of DNA tests available by species. Case studies from 
the Americas to Asia illustrate how DNA forensics is being 
applied to law enforcement as it pertains to the elasmobranch 
trade, and we look at how genetic and genomic approaches 
will aid in DNA forensic applications for these animals. 


15.2 AN OVERVIEW OF LEGAL PROTECTIONS 
IN PLACE FOR SHARKS AND RAYS AND 
ENFORCEMENT ISSUES THAT CAN BE 
ADDRESSED WITH DNA FORENSICS 
15.2.1 Protected Species (Local, 

National, Regional) 


A relatively large number of elasmobranch species are 
protected by local or national legislation in one or more 
jurisdictions, usually achieved through fisheries or environ- 
mental policy. For example, the smalltooth sawfish (Pristis 
pectinata) is protected in federal and state waters in the 
United States under the Endangered Species Act (NMFS 
and SSRT, 2009), and landings of a much large number of 
elasmobranchs are prohibited in federal waters under vari- 
ous fisheries regulations (e.g., Title 50, Code of Federal 
Regulations), including the white shark (Carcharodon car- 
charias), dusky shark (Carcharhinus obscurus), and thorny 
skate (Amblyraja radiata). In the United States, some spe- 
cies are only protected within 3 miles of shore by state 
legislation (e.g., FFWCC, 2018). Internationally, regional 
fisheries management organizations (RFMOs) that have 
been established to manage shared fisheries resources for 
sustainability include the International Commission for 
the Conservation of Atlantic Tuna (ICCAT), Western and 
Central Pacific Fisheries Commission (WCPFC), and Indian 
Ocean Tuna Commission (IOTC). These organizations have 
prohibited landings of certain species of elasmobranchs in 
fisheries under their jurisdiction (Techera and Klein, 2014). 
The responsibility of enforcement is placed on individual 
countries, which may or not have harmonized domestic 
legislation. The enforcement of any type of species protec- 
tion or retention ban at the state, federal, or RFMO level 
requires knowing the provenance of the specimen from the 
perspective of jurisdiction (i.e., was it caught within local 


SHARK CSI—THE APPLICATION OF DNA FORENSICS TO ELASMOBRANCH CONSERVATION 


or national boundaries?) and confirmation of the species of 
origin. Although provenance of a specimen pertaining to 
jurisdiction usually cannot be determined from DNA due to 
the small geographic distances involved, provenance can be 
assessed if certain genetically identifiable populations are 
prohibited but others from the same species are not. Certain 
populations of scalloped hammerhead (Sphyrna lewini), for 
example, are listed as threatened or endangered under the 
U.S. Endangered Species Act (50 CFR Parts 223 and 224: 
Endangered and Threatened Wildlife and Plants; Threatened 
and Endangered Status for Distinct Population Segments 
of Scalloped Hammerhead Sharks; Final Rule). Scalloped 
hammerhead distinct population segments (DPSs) located in 
the eastern Pacific, eastern Atlantic, and central southwest 
Atlantic are all prohibited from trade or trans-shipment in 
the United States. Scalloped hammerhead products such as 
fins and meat are therefore illegal in the United States if they 
originate from any of these DPSs. Likewise, some RFMOs 
have retention bans on silky sharks (Carcharhinus falcifor- 
mis) but others do not (Techera and Klein, 2014). In both 
of these examples, law enforcement personnel will have to 
establish the population of origin, and genetics is one of the 
only tools available to do this. 


15.2.2 Elasmobranch Sanctuaries 


Sixteen nations have established themselves as shark sanc- 
tuaries (Ward-Paige, 2017) and one, Belize, is establish- 
ing itself as a ray sanctuary. Although sometimes framed 
as marine protected areas, they are, in reality, simply 
national protected species lists that include all sharks, rays, 
or elasmobranchs, because no legislation actually prohib- 
its all forms of fishing that could affect these taxa within 
the sanctuary. Because fishing that may take sharks or rays 
still occurs in most, if not all, of these nations, legal issues 
arise if incidentally captured individuals are kept and traded 
instead of being released (Ward-Paige, 2017). Law enforce- 
ment personnel, therefore, are faced with the question of 
whether a certain product has been derived from sharks or 
rays or from another taxon (e.g., teleost). This issue is not a 
problem for whole specimens, dressed carcasses, jaws, teeth, 
or whole fins but is relevant for more processed products, 
such as meat (especially dried salted meat) or liver oil. 


15.2.3 Finning and Fin Bans 


Finning is defined as the removal of the fins from a captured 
shark or ray and discarding the rest of the body (usually 
at sea), ostensibly to keep the most valuable product (fins) 
while not wasting vessel freezer space on the less valuable 
carcass. Most shark fishing nations and RFMOs have anti- 
finning regulations in place, stipulating that sharks must be 
landed with their fins naturally attached or that the fin and 
carcass weights on a vessel must be within a prescribed ratio 
(Techera and Klein, 2014). Although the former stipulation 
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is easy to enforce, it is possible to practice high-grade fin- 
ning when landing fins and carcasses separately by keep- 
ing the fins from all or most sharks but only keeping the 
carcasses of species with more valuable meat, trying to 
stay within the legal fin-to-carcass ratio. In such cases, law 
enforcement personnel may need to show that the species 
present in a collection of landed fins do not correspond to 
the group of carcasses landed by the same vessel, indicative 
of finning. Some states in the United States have banned the 
sale of shark fins and shark fin soup entirely, often due to 
public perception that all or most shark fins are derived from 
finning activity. Some of these state fin bans have exemp- 
tions for certain species that are caught in local regulated 
fisheries; for example, the state of New York has prohibited 
fins except for those derived from smooth dogfish (Mustelus 
canis) and spiny dogfish (Squalus acanthias). In these 
instances, law enforcement personnel must verify that the 
fins are not derived from prohibited species. 


15.2.4 Convention on International 
Trade of Endangered Species 
of Wild Flora and Fauna 


The Convention on International Trade in Endangered 
Species of Wild Fauna and Flora (CITES) is an international 
treaty that aims to encourage sustainable trade of wildlife 
and eliminate trade of species with high extinction risk 
(Clarke, 2014; Vincent et al., 2014). CITES is a binding and 
multilateral environmental agreement (MEA) that operates 
under three core principles: (1) legality, (2) sustainability, and 
(3) traceability. Species are proposed for listing by at least 
one party (nation) at regular meetings (Conference of the 
Parties, or CoP) and adopted into one of two primary appen- 
dices of CITES (Appendix I or II) by vote. Species listed in 
Appendix J are prohibited from international trade, with rare 
exceptions allowed through permits issued by both import- 
ing and exporting parties. For species listed in Appendix II, 
CITES exporting parties are required to issue permits that 
certify that trade is not detrimental to the species’ survival 
in the wild based on a non-detriment finding (NDF) and that 
traded specimens are legally collected and traceable through 
the supply chain (Vincent et al., 2014). Over 35,000 animal 
and plant species have been listed on CITES, and 96% of 
the species are listed in Appendix II. The first elasmobranch 
CITES listings were established in 2001 with the inclusion 
in Appendix II of the whale shark (Rhincodon typus) and 
the basking shark (Cetorhinus maximus), followed by the 
white shark (Carcharodon carcharias) in 2004. In 2007, all 
sawfish (family Pristidae) were listed in Appendix I, making 
them the only elasmobranchs completely prohibited from 
international trade. In recent years, an additional nine sharks 
and eight ray species have been listed on Appendix II, indi- 
cating growing momentum for elasmobranch trade manage- 
ment under the auspices of CITES. These include scalloped 
hammerhead shark (2013), smooth hammerhead shark 
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(2013), great hammerhead shark (2013), oceanic whitetip 
shark (2013), porbeagle shark (2013), silky shark (2016), 
pelagic thresher shark (2016), bigeye thresher shark (2016), 
common thresher shark (2016), and the family Mobulidae 
(2013, 2016). CITES enforcement relies entirely on the par- 
ties themselves, with exporting nations being responsible for 
developing systems for traceability, documenting legality, 
and producing NDFs for listed species. In addition, CITES 
parties are required to keep track of their trade records and 
submit an annual report to the CITES Secretariat. Importing 
parties are required to monitor imports and prosecute cases 
where listed species cross a border without the proper 
documentation (Vincent et al., 2014). To enforce CITES 
Appendix I or II, border control personnel must be able to 
identify the listed species of origin to determine instances of 
trade without the correct documentation. Failure to properly 
implement CITES by a party can lead to international trade 
sanctions (Vincent et al., 2014). 


15.3. DNA FORENSICS APPROACHES 


In Section 15.2, we introduced scenarios where law enforce- 
ment personnel could use DNA forensics to address illicit 
activities associated with the exploitation and trade of elasmo- 
branchs. The following section describes the primary DNA 
forensic approaches available to apply to these scenarios. 

15.3.1 Sequence-Based Species Identification 

DNA sequence-based approaches (hereafter referred to as 
“DNA barcoding”) are the most commonly used genetic 
identification methods for most wildlife and can be imple- 
mented in most scenarios and at any point in the trade 
supply chain (Cardefiosa et al., 2017; Naylor et al., 2012; 
Wong et al., 2009). Successful DNA barcoding depends 
on DNA sequence variation within species being lower 
than variance between species, which enables comparison 
between the sequence derived from a product of uncer- 
tain species identity (the “unknown’) and a suite of refer- 
ence sequences to enable inferences to be made about the 
unknown’s identity. DNA barcoding requires several steps. 
First, genomic DNA must be isolated from a sample of the 
tissue collected from the specimen or product, followed by 
a polymerase chain reaction (PCR), an agarose gel run to 
check for amplification, a PCR product cleaning step, DNA 
sequencing, sequence editing, and analysis. Typically, the 
online database GenBank Basic Local Alignment Search 
Tool (BLAST®; _ https://blast.ncbi.nlm.nih.gov/Blast.cgi) 
and the Barcode of Life Data System (BOLD; http://www. 
boldsystems.org/) are used to compare query sequences to 
a set of reference sequences from specimens of known spe- 
cies identity. These comparisons result in a percentage of 
identity (i.e., a 100% sequence identity to a single species 
constitutes a perfect match) that allows the investigator to 
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identify the unknown sample to the lowest taxonomic cat- 
egory possible (e.g., genus and/or species). If ambiguities 
occur—for example, the unknown is not a 100% match to 
a single species in the database or multiple possible species 
are a match or have the same percentage of identity to the 
unknown sample—then character-based identification keys 
can be used that focus on a subset of base positions known to 
be diagnostic for certain species after extensive, geographi- 
cally broad sampling efforts (Cardefiosa et al., 2017; Fields 
et al., 2015; Wong et al., 2009). 

All sequence-based approaches require the same basic 
set of laboratory and analytical steps, but they usually dif- 
fer in PCR protocol and the type of primers used during the 
PCR (Cardefiosa et al., 2017; Fields et al., 2015; Naylor et al., 
2012; Ward et al., 2005). These primers are usually univer- 
sal, which means they produce sequences on a wide range 
of species (e.g., all chondrichthyan species). Elasmobranch 
DNA barcoding has been successful with the mitochondrial 
cytochrome c oxidase subunit 1 (COI) (~650 bp of sequence) 
(Cardefiosa et al., 2017; Ward et al., 2005) and the NADH2 
gene (~1040 bp) (Naylor et al., 2012). Relatively few sharks 
and rays cannot be unambiguously identified with either of 
these two loci, but there are exceptions, as some species 
pairs are recently diverged or have experienced recent gene 
flow, such as the dusky and Galapagos shark (Carcharhinus 
obscurus and C. galapagensis), blacktip and Australian 
blacktip shark (C. limbatus and C. tilstoni), and sandbar 
and bignose shark (C. plumbeus and C. altimus) (Naylor et 
al., 2012; Ward et al., 2005). DNA barcoding approaches 
that rely on several hundreds of base pairs for identifica- 
tion are most appropriate in the early stages of the supply 
chain where products are predominantly unprocessed and 
PCR is likely to yield full-length fragments for good-quality 
sequencing. However, some products are exposed to more 
intensive processing practices (e.g., cooking, salting, bleach- 
ing) that degrade DNA to the point that DNA barcoding 
methods requiring large sequences are ineffective because 
only shorter, degraded DNA remains within the product 
(Cardefiosa et al., 2017; Fields et al., 2015). 

To address this issue, several minibarcode assays (PCR 
and sequencing of ~150 to 200 bp) have been developed to 
identify the species or species group (complex, genus) of ori- 
gin in highly processed products such as processed shark 
fins, shark fin soup, and cosmetics containing shark liver oil 
(Cardefiosa et al., 2017; Fields et al., 2015). These minibar- 
code PCR approaches target a small fragment of the COI 
gene where most of the interspecific sequence differences 
occur, allowing for the differentiation of even closely related 
species with the shorter sequence. However, the use of 
minibarcodes tends to exacerbate difficulties in identifying 
unknowns that are from species pairs that have radiated very 
recently or have experienced recent gene flow. Cardefiosa et 
al. (2017) presented a multiplex (>2 PCR primers) approach 
to efficiently obtain two minibarcode COI sequences to help 
ameliorate this issue. 
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15.3.2 PCR-Based Species Identification 


Polymerase chain reaction-based species identification, also 
known as species-specific PCR, are PCR tests explicitly 
designed to identified a target species or group of species 
(Abercrombie et al., 2005; Caballero et al., 2011; Chapman et 
al., 2003; Magnussen et al., 2007; Pinhal et al., 2012; Shivji 
et al., 2002). This is accomplished by designing species-spe- 
cific PCR primers that bind (“anneal”) only to a matching 
or near-matching target sequence within a particular region; 
for elasmobranchs, the COI or internal transcribed spacer 2 
(ITS2) have been used for species-specific PCR. The primer 
is designed to match a unique sequence in the target spe- 
cies, thus annealing during PCR and allowing amplifica- 
tion to occur. If the target species’ DNA is not present, the 
primer fails to anneal and PCR amplification will not occur. 
Usually a species-specific primer is nested within two uni- 
versal primers, so that the universal primers will amplify 
all elasmobranch DNA but the species-specific primer will 
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only anneal to the target species and produce the smaller 
internal fragment. Thus, a positive result for a target species 
would be the large universal fragment and a smaller species- 
specific fragment of a diagnostic size, which can be visu- 
ally identified on an agarose gel (Figure 15.1). A negative 
result for the target species would consist of just the larger 
universal fragment, thus providing an internal positive con- 
trol for the reaction itself (1.e., to avoid false-negative results 
from reaction failure). Multiple species-specific primers can 
usually be nested within one set of universal primers and 
all run together, with each primer being placed in different 
positions to generate size differences between fragments to 
enable species identification (e.g., Shivji et al., 2002). 
Polymerase chain reaction-based approaches for spe- 
cies identification present several advantages compared 
to DNA barcoding; for example, they involve fewer steps 
because they skip the product cleaning step, sequencing, and 
sequence editing and analysis. Identification is accomplished 
by analyzing the agarose gel, which requires less time and is 
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(A) Schematic representation of a typical PCR-based species identification technique with relative annealing sites and ori- 


entation of each primer. (B) Example of a gel-based identification for several CITES-listed species. 
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Table 15.1 Published Species-Specific Primers for Shark Species 

Identification Using PCR-Based Identification Approaches 

Amplicon 

Species Primer Sequence (5’—3’) Size (bp) Refs. 
Sphyrna mokarran? AGCAAAGAGCGTGGCTGGGGTTTCGA 782 Abercrombie et al. (2005) 
Sphyrna lewini? GGTAAAGGATCCGCTTTGCTGGA 445 Abercrombie et al. (2005) 
Sphyrna zygaena? TGAGTGCTGTGAGGGCACGTGGCCT 249 Abercrombie et al. (2005) 
Isurus paucus CCTCAACGACACCCAACGCGTTC 418 Shivji et al. (2002) 
Isurus oxyrinchus AGGTGCCTGTAGTGCTGGTAGACACA THA Shivji et al. (2002) 
Lamna nasus?* GTCGTCGGCGCCAGCCTTCTAAC 554 Shivji et al. (2002) 
Prionace glauca AGAAGTGGAGCGACTGTCTTCGCC 929 Shivji et al. (2002) 
Carcharhinus falciformis® ACCGTGTGGGCCAGGGTC 1085 Shivji et al. (2002) 
Cetorhinus maximus? TCTCGGCCTCCGGGCGAACGAATGAGA 1100 Magnussen et al. (2007) 
Cetorhinus maximus? AAGATGCGGCACGCTGTTGGGCACGC 900 Magnussen et al. (2007) 
Alopias pelagicus* TAGAAGTGATCCTGGCTGTCCTAA 119 Caballero et al. (2011) 
Alopias superciliosus* TAGGAGTGATCCGGGCTGGCCTAA 119 Caballero et al. (2011) 
Alopias vulpinus? TAGAAGTGATCCGGGTTGTCCTAA 119 Caballero et al. (2011) 
Carcharodon carcharias? GCTGGAGTTCATTCTCCGTGCTG 580 Chapman et al. (2003) 
Carcharodon carcharias? AGTCAGAACTAGTATGTTGGCTACAAGAAT 511 Chapman et al. (2003) 
Carcharhinus plumbeus AAAGTGGAGCGACTGTCTGCAGGTC 1018 Pank et al. (2001) 
Rhizoprionodon acutus TTAACGTTCTGTGCGTGTCGAGT 230 Pinhal et al. (2012) 
Rhizoprionodon porosus GCGAGGCACACCTCGGCAC 420 Pinhal et al. (2012) 
Rhizoprionodon longurio GACTTGCTCTGTCCTTGAGCCC 560 Pinhal et al. (2012) 
Rhizoprionodon terraenovae TGTGAATAGGGGCAGCCGACA 720 Pinhal et al. (2012) 
Rhizoprionodon oligolinx TACCGGGAGAGCTCGGAAAACGT 850 Pinhal et al. (2012) 
Rhizoprionodon taylori AACGGTTCGGGTGCTCCGGCA 1150 Pinhal et al. (2012) 
Rhizoprionodon lalandii GGCACGTAGGCACCGCCCGCTAT 1300 Pinhal et al. (2012) 


a Species listed on CITES Appendix II. 


lower in cost in terms of reagents and labor. These species- 
specific assays have been designed for a number of com- 
mon and vulnerable species present in large-scale fisheries, 
including nearly all of the CITES-listed sharks (Table 15.1). 
One limiting factor is that they require intensive research 
and development to produce before being adopted. For 
example, when designing a PCR test one must design the 
putative species-specific primer, test it against a robust num- 
ber of individuals of the target species from as much of the 
species range as possible, confirm that it does not amplify 
any non-target species, and then integrate it into a multiplex 
PCR with several other primers. 

The other key limitation is that an analyst must pick the 
correct multiplex to identify an unknown species a priori or 
run the risk of having to test an unknown sample repeatedly 
with different multiplexes. This rapidly escalates the costs 
and time spent trying to identify unknowns to the point that 
they may equal or exceed those of DNA barcoding and may 
result in ambiguity, as the majority of the species present in 
the international shark trade, for example, do not have spe- 
cies-specific primers developed for them (Fields et al., 2017). 
Therefore, PCR-based approaches are most useful when the 
number of potential species-of-origin is limited, such as 
when a known group of species occurs in a specific fishery 
(Caballero et al., 2011) or when there is a priori evidence that 
an unknown sample comes from a certain species (e.g., due 


to morphology). It is also useful when there is a narrow suite 
of species of interest and the others do not need to be identi- 
fied, such as when you simply need to identify whether or not 
a product is any of the CITES-listed shark species and do not 
need to identify it to the species level if it is not one of them. 


15.3.3 Population of Origin Assessed Using DNA 


One of the most prevalent data gaps in fisheries manage- 
ment is the lack of traceability of elasmobranch products. 
Advances in fishing technologies, boat capacity, and onboard 
refrigeration allow fishing boats to go farther and for longer 
periods of time. Thus, elasmobranch landings at commercial 
fishing ports or in seafood markets do not necessarily come 
from a local population or stock. Genetic stock identification 
(GSI) methods are an approach to assess the stock composi- 
tion of a fishery or market that could have multiple sources. 
The global elasmobranch trade focuses mainly on two major 
commodities (i.e., fins and meat), and GSI of trade hubs, 
such as Hong Kong for fins and Brazil for meat (Dent and 
Clarke, 2015), could play an essential role in assessing pop- 
ulation-specific exploitation levels (Chapman et al., 2010). 
These methods could also be applied under particular law 
enforcement scenarios where certain populations of a spe- 
cies might be protected while others are not (see Sections 
15.2.1 and 15.2.2). 
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To apply these GSI methods the species genetic popula- 
tion structure must be assessed and the geographical reso- 
lution determined by the geographic scale of population 
genetic differentiation. Mitochondrial DNA regions (e.g., 
mitochondrial control region, or mtCR) that are often used 
for elasmobranch population genetic studies can exhibit 
regional population structure in sharks and some rays, thus 
allowing differentiating populations geographically sepa- 
rated by hundreds to thousands of kilometers (Cardefiosa et 
al., 2014; Chapman et al., 2010, 2015; Clarke et al., 2015), 
and they allow the natal source population of a product or 
individual to be assessed. An example of the protocols and 
application of these methods is presented in Chapman et 
al. (2010), who reconstructed the natal source population 
of origin of 62 scalloped hammerhead shark fins sampled 
from the Hong Kong shark fin market using GSI methods 
(Baker et al., 2000; Bowen et al., 2006; Laurent et al., 1998; 
Waldman et al., 1996). After extracting DNA and run- 
ning PCRs to amplify a partial sequence of the mtCR, the 
sequence obtained for each fin (haplotype) was matched 
against published haplotypes from the western Atlantic, 
eastern Atlantic, and Indo-Pacific regions (Duncan et al., 
2006; Ovenden et al., 2009). Overall, 65% of the fins came 
from the Indo-Pacific, 21% from the western Atlantic, and 
14% from the eastern Atlantic (Chapman et al., 2010). 
Moreover, the results provided evidence that regional-scale 
mitochondrial stock structure can be used to accurately 
reconstruct the contribution of different regional stocks to 
the international shark fin trade using mixed stock analysis 
(Chapman et al., 2010). 


15.4 CASE STUDIES 


Considerable progress is being made on elasmobranch DNA 
forensics research and development. Yet, despite the wide- 
spread availability and diminishing costs of these approaches 
and the increased international obligation to enforce policies 
supporting elasmobranch conservation (e.g., CITES listings, 
RFMO regulations), we have yet to see the widespread adop- 
tion of DNA forensics in elasmobranch management. Here, 
we present case studies of a few bright spots where DNA 
forensics has been adopted in this context. 


15.4.1 The Americas 


15.4.1.1_ United States 


The United States has some of the best-managed shark fish- 
eries in the world, employing assessment-based catch limits 
with time-area closures and a suite of especially vulnerable 
species that are prohibited from landings (see https://www. 
fisheries.noaa.gov/welcome). After years of poor regulation 
of fisheries resulted in large declines in several species, the 
adoption of effective management measures resulted in the 


beginning stages of recovery for some of them (Peterson et 
al., 2017). DNA forensics has proven to be a crucial tool in 
helping to enforce regulations. For the most part, these tools 
have been used to enforce prohibited species regulations in 
the federally regulated fisheries, although in some cases 
they have been used to detect prohibited species for legal 
cases initially based on fishers being charged with other, 
more obvious violations. For example, 263 fins seized by 
law enforcement personnel in seven different finning cases 
involving Atlantic-based fishing vessels and one New York- 
based seafood dealer suspected of multiple permit violations 
in the early 2000s were identified using species-specific 
PCR tests (Henning, 2005). These analyses revealed that 
40% of the fins originated from three prohibited shark spe- 
cies: dusky shark (Carcharhinus obscurus), night shark (C. 
signatus), and bignose shark (C. altimus) (Henning, 2005). 
Magnussen (2006) and Magnussen et al. (2007) followed up 
by reporting that the same dealer also possessed 2 fin sets 
of the prohibited basking shark (Cetorhinus maximus) and 
61 fin sets of the prohibited sand tiger shark (Carcharias 
taurus), as determined through the use of PCR tests devel- 
oped for these species. Arguably, the highest profile appli- 
cation of DNA forensics involved this same seafood dealer, 
who was found in possession of 21 fin sets from prohibited 
great white sharks. Shivji et al. (2005) used the PCR test of 
Chapman et al. (2003) for this species to verify species of 
origin. Law enforcement personnel investigating the case 
had a priori evidence that these fin sets were derived from 
great whites because the bag they were contained in was 
labeled blanco, which is Spanish for “white.” Today, sev- 
eral federal and academic laboratories are involved with 
research, development, and application of DNA forensics 
to elasmobranch management in the United States (see, for 
example, https://www.nwfsc.noaa.gov/research/divisions/ 
cb/genetics/forensics.cfm and _http://cnso.nova.edu/ghri/ 
index.html, https://www.peclabfiu.com). 

Together with federal management of sharks, some 
states also have additional regulations ranging from pro- 
hibited species lists for state waters to bans on the trade of 
fins within the state. New York is an example of the latter, 
whereby trade in all shark fins was prohibited in 2013 within 
the state, with the exception of fins from smooth dogfish and 
spiny dogfish landed by federally managed fisheries. Prior 
to the adoption of this regulation, seafood dealers in New 
York City’s Chinatown district routinely offered processed 
shark fins imported from Hong Kong and China for sale. 
Shortly after the adoption of this regulation, law enforce- 
ment personnel detained two shipments of processed shark 
fins at John F. Kennedy International Airport that were 
being imported from Hong Kong by local seafood dealers. 
DNA minibarcoding (using the assay of Fields et al., 2015) 
was used to verify that these shipments were not derived 
from the exempt species, instead originating from a range 
of requiem sharks (genus Carcharhinus). Moreover, several 
fins were derived from great and scalloped hammerhead 
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sharks, which are listed in CITES Appendix II and had been 
imported without the requisite permits. In 2015, these efforts 
led to the first successful prosecution of the New York state 
fin ban (DEC, 2015). 


15.4.1.2 Belize 


Belize is a relatively small Central American nation bordered 
by Mexico to the north and Guatemala to the west and south. 
It has jurisdiction over the world’s second largest barrier reef, 
which supports two of the nation’s major industries: tourism 
and fishing (Cisneros-Montemayor et al., 2013). Sharks con- 
stitute a relatively minor part of Belize’s total capture produc- 
tion, but shark fishing employs around 75 licensed fishermen 
who primarily export product (meat and fins) to Guatemala 
and Mexico (NSWG, 2018). There is evidence that the fishery 
has depleted some species (Bond et al., 2012), and it is proba- 
ble that at least two species listed on CITES (scalloped ham- 
merhead and great hammerhead) are part of the catch. Since 
implementation of CITES Appendix II listing of these ham- 
merheads took place in September 2014 and Belize has yet 
to produce a NDF, any export of these species from Belize 
would be illegal. To assess the species composition of the 
shark fishery, the Belize Department of Fisheries (BFD) and 
Florida International University (FIU) are collaborating on a 
project that combines fishery-dependent sampling and DNA 
forensics. Beginning in January 2017, fishermen renew- 
ing their annual shark fishing licensing were informed of a 
requirement that they needed to collect anal fins, a fin they do 
not sell, from all landed sharks and make them available to 
BFD officers conducting sporadic inspections of shark land- 
ing sites. The 748 anal fins collected between January and 
June 2017 were sorted into putative species categories based 
on morphology and were then genetically tested for species 
identity using full COI barcoding (Ward et al., 2005). Anal 
fin morphological types had high concordance with geneti- 
cally identified species; highly falcate-shaped fins proved to 
be scalloped or great hammerheads (Figure 15.2). These spe- 
cies collectively made up 5% of all fins submitted by fisher- 
men. Given that there is a very limited local market for the 
fins and meat of sharks, these findings suggest that illegal 
export of these CITES-listed species was probably occur- 
ring. In October 2017, BFD and FIU held an NDF workshop 
for CITES-listed sharks involving all major stakeholders and 
including the fishing industry, and they are currently collab- 
oratively developing a program to track the catch and exports 
on a species-specific basis based on anal fin sampling and 
DNA forensics. 


15.4.1.3 Brazil 
Brazil is one of the largest elasmobranch fishing nations in 


the world and has also emerged as one of the top importers 
and consumers of elasmobranch meat (Dent and Clarke, 
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Figure 15.2 Anal fin from (top) great hammerhead (Sphyrna 
mokarran) and (bottom) Caribbean reef shark 
(Carcharhinus perezi), both taken in the artisanal 
shark fishery of Belize and identified using DNA bar- 
coding. Species-diagnostic morphological charac- 
ters were concordant with DNA results for these and 
other species, enabling a robust monitoring program 
to be developed. 


2015). A number of academic laboratories in Brazil have 
developed DNA forensics approaches for elasmobranchs 
(e.g., Pinhal et al., 2012), yet we know relatively little about 
the species composition of the domestic meat trade in this 
hub when compared to the species composition of major 
fin trade hubs in Asia (e.g., Clarke et al., 2006; Fields et 
al., 2017). It is likely that there are a number of potential 
avenues for illicit activity in Brazil involving the elas- 
mobranch trade, including importation or exportation of 
CITES-listed species without permits and landing of spe- 
cies prohibited by ICCAT (Tolotti et al., 2015). 

One especially unfortunate case study of the applica- 
tion of DNA forensics in Brazil was a survey of “shark” 
meat being sold at two fish markets in northern Brazil 
(Palmeira et al., 2013). Of the 44 meat samples identified 
using DNA barcoding, 24 originated from a prohibited spe- 
cies: the critically endangered largetooth sawfish (Pristis 
pristis). Similarly, a study of “shark meat” being sold in 
other parts of Brazil used PCR to show that the protected 
guitarfish (Rhinobatos horkelii) was still being illegally 
sold (Alexandre de-Franco et al., 2012). The detection of 
local consumption of meat from these critically endan- 
gered, prohibited ray species highlights a need for regu- 
lar DNA-based monitoring of the meat trade in Brazil and 
other large meat trade hubs to detect illicit activity. These 
studies have revealed that the mere prohibition of these 
species in Brazil without socialization and enforcement 
is an ineffective strategy for preventing them from being 
landed and traded. 
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15.4.2 Asia 
15.4.2.1 Philippines 


The Philippines lie in the Coral Triangle region of the 
Indo-Pacific and as such are a hotspot of marine biodiver- 
sity. Ecotourism is a major source of revenue, including 
underwater experiences with manta rays (Mobula birostris 
and M. alfredi) (O’ Malley et al., 2013). Many rays, includ- 
ing related manta and devil rays (family Mobulidae), are 
also exploited for meat and gill rakers (Asis et al., 2014; 
O’Malley et al., 2016). To better protect mantas for the 
tourism industry, Fisheries Administrative Order No. 
193 was established to prohibit all capture and trade of 
M. birostris. In a joint operation between the Bureau of 
Fisheries and Aquatic Resources, the Bureau of Customs, 
and the Genetic Fingerprinting Laboratory of the National 
Fisheries Research and Development Institute, 11 samples 
of dried shark or ray products suspected to originate from 
illegal fishing were identified using DNA barcoding. Four 
(36%) were from mantas, indicating that illegal capture 
and trade were still occurring, possibly because the mantas 
were still being captured in a legal fishery for devil rays 
(Asis et al., 2014). 


15.4.2.2 Taiwan 


Taiwan is one of the world’s largest shark fishing nations and 
a major exporter of meat and dried fins to global trade hubs 
for these products, as well as being a domestic consumer of 
both (Dent and Clarke, 2015). DNA barcoding has recently 
been used to examine the species composition of the domes- 
tic meat and fin trade, port landings, and nine cases of fins 
detained by border control personnel from 2013 to 2015 that 
were not declared by importers (a total of 113 fins) (Chuang 
et al., 2016; Liu et al., 2017). Only one species is domestically 
protected in Taiwan (whale shark), and neither study found 
evidence of this species in trade. However, of the detained 
fins, 8%, were from oceanic whitetips and 14.1% were from 
thresher sharks (family Alopiidae), which might represent 
RFMO violations given the retention bans for some popula- 
tions of these species that existed at the time (Chuang et al., 
2016). Unfortunately, the DNA barcoding conducted did not 
have the spatial resolution to determine the exact geographic 
origin of these fins. Harmonization between RFMO prohibi- 
tions and the domestic landing and possession of these spe- 
cies would help ameliorate this issue. 


15.4.2.3 Hong Kong 


The People’s Republic of China—Hong Kong Special 
Administrative Region (Hong Kong) is one of the world’s 
largest shark fin trade hubs (Dent and Clarke, 2015) and thus 
plays a key role in the implementation of CITES regulations. 
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Until recently, very little was known of the species composi- 
tion of the contemporary Hong Kong fin trade. From 1999 
to 2001, species-specific PCR was combined with importer 
auction records to assess the contribution of 14 common 
trade categories that were concordant with particular shark 
species or species groups; these species, several of which are 
now listed on CITES, collectively made up ~46% of all of the 
auctioned fins (Clarke et al., 2006). After a long period with 
no further species composition data from Hong Kong, a total 
of 4800 fin trimmings were sampled from randomly selected 
retail vendors in Hong Kong from 2014 to 2015 (Fields et 
al., 2017). These trimmings are a byproduct of processed 
fins for the retail market and are sold inexpensively for use 
in soup or soup broth. A total of 76 chondrichthyan species 
were identified, and a Bayesian model was used to assess the 
relative proportions of some of the more common species in 
this retail market (Fields et al., 2017). Results revealed that 
the market is focused on a small subset of globally distrib- 
uted species, most of which were also important from 1999 
to 2001 (Fields et al., 2017). CITES-listed species, such as 
silky, scalloped, and smooth hammerhead sharks, were some 
of the top species in the market during this sampling, which 
largely took place prior to implementation of these regula- 
tions in Hong Kong in 2014. The primary insight from this 
study as it relates to CITES is that the second, fourth, and 
fifth most common species in the fin trade are now listed, 
meaning that the import volumes of these species and con- 
comitant monitoring and enforcement obligations are likely 
to be substantial for trade hubs such as Hong Kong. Since 
implementing CITES, the Hong Kong Customs Department 
and Agriculture Fisheries and Conservation Department 
(AFCD) have seized more than 1.3 tons of shark fins from 
listed species, primarily using visual identification followed 
up by DNA barcoding conducted by Hong Kong University 
(K.H. Shea, Bloom Association, pers. comm.). 


15.5 FUTURE DIRECTIONS 


A relatively high proportion of elasmobranchs species have 
experienced population declines mainly due to overfishing 
and the high demand for products such as shark fins and gill 
rakers (Dulvy et al., 2014; Worm et al., 2013; Wu, 2016). 
This has triggered adoption of new policies aimed at revers- 
ing these declines (see Section 15.2). Despite this, many 
fishing and trading nations lack the political will, capac- 
ity, or resources to enforce these policies. DNA forensics 
approaches described in this chapter and new protocols in 
development can play a major role in the enforcement of leg- 
islation at all governance levels. As our cases studies show, 
these approaches are being used in some areas but mainly 
by academic laboratories producing snapshots of the spe- 
cies composition of trade or in sporadic government law 
enforcement operations. In order to successfully transfer and 
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implement these technologies on a much larger scale, includ- 
ing routine inspection of products in trade, collaborative ini- 
tiatives must be developed among the various stakeholders 
(e.g., governments, non-governmental organizations, indus- 
try, academic units, funding bodies) to ensure the necessary 
investments in capacity and establishment of secure financ- 
ing to support these efforts. Although this is especially true 
in the developing world, there is a widespread perception 
that DNA forensics is cost prohibitive for routine screening 
of products even in developed nations and rapidly growing 
economies such as China. Engagement between nations suc- 
cessfully using these approaches, such as the United States, 
and others that need to use them would be a substantial step 
forward to seeing broader uptake. 

Several recent analytical advances offer promising ave- 
nues for improving the efficiency and resolution of elasmo- 
branch DNA forensics. Genomics is a new approach from the 
molecular biology field that focuses on the sequencing and 
analysis of entire genomes instead of a specific set of genes, 
enabled by next-generation sequencing approaches that 
allow massive parallel sequencing of many short DNA frag- 
ments (see Chapter 13 in this volume). Genomic approaches 
can be used in DNA barcoding to resolve between species 
pairs that cannot be resolved with single loci by providing 
sequence data from many loci at once, potentially revealing 
many single nucleotide polymorphisms (SNPs) useful for 
species diagnosis (Liu et al., 2017). Genomic techniques are 
also increasing our resolution of population genetic differen- 
tiation by revealing vast numbers of SNPs that can be used 
to detect genetic population structure. There is emerging 
evidence that elasmobranch populations can be structured 
on much finer geographic scales than evident at single mito- 
chondrial loci when using genome-wide SNPs (Pazmifio et 
al., 2017). For example, Pazmijio et al. (2017) found SNPs 
that distinguished two distinct populations of Galapagos 
sharks (Carcharhinus galapagensis) within the Galapagos 
Islands that were identical in their mitochondrial sequences. 
Fine-scale structure studies based on genomic analysis may 
therefore enable GSI to trace some elasmobranch products to 
country or even island of origin to assess if the specimen was 
caught within a specific country, shark sanctuary, or marine 
protected area. While DNA barcoding of a single locus costs 
from $5 to $10 per sample, next-generation sequencing cur- 
rently costs closer to $100 per sample, although costs are rap- 
idly diminishing (Liu et al., 2017). Multilocus SNP assays to 
identify species or populations can be developed using DNA 
microarrays that are even more efficient than gel- or DNA 
sequencing-based approaches (Wenne et al., 2016). 

Another application of genomic approaches is environ- 
mental DNA (eDNA), which uses water samples, taxon-spe- 
cific primers, and next-generation sequencing (Shokralla et 
al., 2012) to detect the presence/absence of target species 
(Ficetola et al., 2008; Takahara et al., 2012; see also Chapter 
14 in this volume). In law enforcement scenarios, it is pos- 
sible that this tool could be used to detect prohibited species 
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that have already been offloaded by a fishing or cargo ves- 
sel by sampling the meltwater of freezers or swabs from the 
cargo hold. 

Advances in efficiency and portability of DNA foren- 
sic methods are likely to increase uptake. Real-time PCR 
(rtPCR) techniques incorporate fluorescent dyes into PCR 
that can be detected by modified thermal cyclers as amplifi- 
cation takes place, eliminating the need for gels and enabling 
more rapid identification of species through species-specific 
PCR. We have recently designed new and adapted published 
ITS2 species-specific shark primers (see Section 15.3.2) to 
work in a rtPCR format for implementation in major export- 
ing and importing nations (D. Cardefiosa et al., unpublished 
data). This technique could detect CITES-listed species 
before they leave the exporting nation or when they enter 
the importing nation (Figure 15.3). rtPCR approaches can be 
used outside of the laboratory and are even being adapted for 
devices with an extremely small footprint to facilitate rapid 
DNA forensics at the port of entry or in the marketplace. Our 
reagent costs per sample for a simple SYBR® Green chem- 
istry rtPCR assay are $0.85, and the technique can identify 
whether a sample is one of 9 CITES-listed sharks in about 5 
hours for 95 samples in a field setting (e.g., a port). 


15.6 CONCLUSION 


DNA forensics will continue to be an important tool to help 
enforce policies aimed at conserving elasmobranchs and 
could be deployed at all points of the supply chain and at 
all governance levels. Substantial research and development 
have been done for sharks and to a lesser extent rays, and 
robust online reference sequence databases and protocols are 
available to support DNA barcoding and PCR tests already 
published for several commercially important or protected 
species. Although a much greater research and development 
effort is needed, population genetic data can be used to look 
at source population of origin. Despite a few bright spots in 
fishing and importing nations, uptake and widespread use of 
these approaches have not occurred. Even where these tech- 
niques have been employed they have been used primarily 
in a reactionary manner (e.g., to confirm identity of products 
detained based on visual identification or for other infrac- 
tions) or to produce snapshots of the species composition of 
the trade. As yet, no country routinely screens elasmobranch 
products at any point of the supply chain to detect infrac- 
tions and provide a deterrent to illegal actors. The low risk 
of detection and modest penalties in some jurisdictions pro- 
mote illegal trade, as was commonly seen in our case studies, 
particularly in the domestic meat trade examples. The recent 
listing of a number of elasmobranch species on CITES now 
provides an international forum to promote these approaches 
and offers high potential for capacity building and funding to 
support much broader uptake. New DNA forensic approaches 
on the horizon, including real-time PCR and next-generation 
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Figure 15.3 Amplification plot showing the successful amplification and detection of hammerhead CITES-listed species using newly 


developed real time PCR techniques. 


sequencing, offer greater resolution and are continually 
becoming faster, cheaper, and more portable, which should 
facilitate much greater application of DNA forensics to elas- 
mobranch conservation in the near future. 
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16.1 ANINTRODUCTION TO CITIZEN SCIENCE phenomena, to global efforts to collect “big data,” such as 
the National Aeronautics and Space Administration (NASA) 
16.1.1 Citizen Science Present and Past program Global Learning and Observations to Benefit the 


Citizen science programs are growing around the world 
in number, diversity, and prominence, and they are argu- 
ably now accepted as a mainstream scientific methodology 
(Dickinson et al., 2012; Silvertown, 2009). Modern citizen 
science programs range from observation-based programs, 
such as recording local sightings of specific species or 


Environment (GLOBE), where citizen scientists from 
around the world use a smartphone app to photograph clouds 
and record data on mosquitoes. In the fields of biology and 
ecology, citizen scientists are collecting data on changes in 
species distributions, pollution, invasive species, threatened 
species, disease, phenology, biodiversity, habitats, and land- 
scapes and are making tangible conservation contributions 
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(Bonney et al., 2009, 2014; Dickinson et al., 2010; Edgar et 
al., 2017; Robinson et al., 2015; Silvertown, 2009). In situ- 
ations where citizen science participants are numerous and 
widely distributed, these initiatives can help professional 
scientists greatly expand their spatial and temporal sam- 
pling capability, and thus the scope and scale of research 
questions they can address. In terms of biodiversity moni- 
toring alone, citizen science programs have been estimated 
to include 1.5 million volunteers that contribute over $2.5 
billion worth of in-kind contributions to biodiversity science 
every year (Theobald et al., 2015). 

The reliance of citizen science programs on (often) 
amateur observers instead of trained scientists to collect 
data has led to concerns about the accuracy and rigor of the 
data collected. Indeed, data quality can vary depending on 
factors such as observer training, experience, and supervi- 
sion (Buesching et al., 2014; Nerbonne and Nelson, 2008). 
However, with proper design, implementation, and analy- 
sis, citizen science projects can provide reliable and useful 
data for biological and ecological research and can result in 
effective conservation outcomes (Bird et al., 2014; Bonney 
et al., 2014; Pecl et al., 2015). 

Moreover, it should be remembered that prior to the 
emergence of professional, institution-based scientists, sci- 
ence was generally conducted by unpaid, non-professional 
citizen scientists under the patronage of wealthy benefac- 
tors or organizations (Miller-Rushing et al., 2012). Charles 
Darwin was an unpaid naturalist when he did his iconic work 
during the 1831 to 1836 voyage of the HMS Beagle, and in 
fact he was attending Cambridge to be trained in the clergy. 
At Cambridge he was mentored by John Stevens Menslow, 
who was a “parson-naturalist,’ a member of the clergy who 
saw the study of natural history as an extension of their reli- 
gious profession. These networks of faith-based naturalists 
were citizen scientists and enabled early ecologists such 
as Carl Linnaeus to collect specimens “across the known 
world” (Miller-Rushing et al., 2012). Furthermore, citizen 
science has existed for thousands of years, and in some cases 
these records are still providing valuable data for current 
research. Records of locust outbreaks from China dating 
back over 1900 years are helping contemporary researchers 
understand climate change effects on locust outbreaks (Tian 
et al., 2011). Given the enduring impact of Darwin’s work 
on modern biology and ecology and the continuing value of 
historical natural history records, it is clear that institution- 
alized scientific training is not a prerequisite for robust data 
collection and scientific contribution. 

Although citizen science has demonstrated its potential 
to contribute to contemporary research, the citizen science 
approach is not a panacea, and researchers interested in 
exploring citizen science must carefully consider the costs 
and limitations. It is important to recognize that citizen 
science is not a data-for-free proposition and that there are 
transaction costs and investments that scientists must make 
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for citizen science initiatives to deliver on their potential and 
to provide reciprocity for participants. Furthermore, in some 
cases, citizen science is inappropriate due to logistical, sci- 
entific, and ethical issues. As with any scientific approach or 
method, citizen science must be fit for purpose. 

This chapter provides an overview of citizen science 
approaches and their potential to contribute to the scientific 
study, conservation, and management of sharks, rays, and 
chimaeras. Citizen science on sharks and rays is relatively 
simple and limited compared to other research fields, but it 
is growing in the area of chondrichthyan research and has 
great potential to contribute to our future knowledge and 
understanding of this important ocean taxon. This chapter 
aims to 


¢ Introduce readers to a basic understanding of citizen sci- 
ence, what it is, how it works, and the opportunities it 
provides to researchers. 

¢ Provide real-world examples of citizen science to illus- 
trate its potential as a tool for shark and ray research and 
conservation. 

¢ Give insights into different citizen science approaches 
and the potential limitations, challenges, and pitfalls 
researchers need to consider. 

e Address best practices for citizen science projects 
for sharks and rays including project design and 
implementation. 


16.1.2 Describing Citizen Science 


Numerous definitions of citizen science can be found in the 
literature (e.g., McKinley et al., 2017; Miller-Rushing et al., 
2012; Riesch and Potter, 2014; Silvertown, 2009), and many 
of these focus on attributes related to the training and pro- 
fessional status of the observers or whether the observers 
are being paid. The definition of citizen science is contested, 
perhaps because so many types of participants and projects 
could be identified as being citizen science. Indeed, because 
of the many approaches to citizen science (Bonney et al., 
2009; Pecl et al., 2015), crafting an all-encompassing defini- 
tion is difficult. Rather than a strict definition, we propose 
that citizen science projects have the following traits: 


1. The project involves community-based members, usu- 
ally acting as unpaid volunteers, who collect data for a 
specific research question or other specified purpose. 

2. The participants usually do not have formal academic 
qualifications in the specific field of research. 

3. The project usually (but not always) involves collabora- 
tions with professional scientists. 

4. There is some level of formal engagement and outreach 
to the community. 

5. Data collection is usually organized to some degree; 
that is, observers collect specific types of data in spe- 
cific ways, record specific parameters, and submit data 
to identified persons in a prescribed manner. 
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Independent observers collecting and opportunistically 
providing data to support research may also be considered 
citizen scientists; however, they may not be working on a 
specific citizen science project. Other citizen science contri- 
butions may include data or samples that might be provided 
to scientists as part of a legal requirement or regulatory obli- 
gation. For example, commercial fishers may be required to 
record catch and landings data in catch-and-effort logbooks. 
Although the fishers are not volunteers, they are members of 
a community that is systematically collecting data for a spe- 
cific purpose. Given that unsustainable fishing is one of the 
key threats facing sharks and rays around the world (Dulvy 
et al., 2014), this form of citizen science is essential for ongo- 
ing conservation and management. Finally, the growth of 
social media and user-driven web content has made photo- 
graphs, videos, and other types of data freely available to the 
scientific community. Although these data were not intended 
for scientific use, this informal citizen science has helped 
alert shark scientists about potential new species and range 
expansions. 


16.1.3 Potential Benefits of Citizen Science 


A benefit of citizen science is its ability to achieve mul- 
tiple objectives, including benefits for the participants, 
broader society, and the research community. Citizen sci- 
ence can provide researchers with data across very large 
spatial scales, and sometimes temporal scales, that may 
not be possible through research sampling programs due to 
costs or logistical limitations. Importantly, widely dispersed 
citizen scientists are able to collect data over large spatial 
scales simultaneously, meaning that phenomena can be 
tracked over space through time. Examples of these applica- 
tions include animal sightings across migration pathways, 
outbreaks of insects, and the timing of biological events 
such as flowering. Spatial coverage can even reach global 
scales where programs access an international network of 
observers such as for highly migratory birds (Greenwood, 
2007) and sharks such as whale sharks (Rhincodon typus) 
(Sequeira et al., 2013). However, greater statistical power to 
identify these patterns may require participants to also con- 
sistently and systematically record zero data, which can be a 
challenge in some situations (see Section 16.3.3). 

Collaborations with volunteer observers can also facil- 
itate or enable research and monitoring programs to con- 
tinue for long time periods. Since Christmas Day in 1900, 
citizen scientists in North America have been counting birds 
between December 14 and January 5 through the National 
Audubon Society Christmas Bird Count. With 117 years of 
data, this dataset is probably the longest running citizen sci- 
ence project in existence (Tulloch et al., 2013) and provides 
invaluable continuous, time-series data that would be cost 
prohibitive to collect and institutionally difficult to maintain 
through researcher-based monitoring programs. 
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The scale of spatial and temporal analyses enabled by 
citizen science can be especially helpful in research on 
uncommon and rare species that are difficult (and costly) 
to sample (Dickinson et al., 2012; Edgar et al., 2017). Local 
knowledge can help field researchers identify candidate 
sampling locations, but citizen scientists who are regularly 
sampling these locations can also collect data on relative 
abundance and seasonal patterns and potentially collect 
samples when researchers are absent. For example, citizen 
scientists have documented new records of rare river sharks 
(Glyphis garricki and G. glyphis) in Papua New Guinea and 
provided the first-ever photographs of adult individuals for 
researchers and taxonomists (White et al., 2015). Through 
extended networks, citizen scientists can provide informa- 
tion on a species’ wider range, occurrence, and connectivity 
(Sequeira et al., 2013), and they have contributed knowledge 
on range extensions of other shark and ray species (Chin, 
2014; Meekan et al., 2016) and are helping to populate and 
validate species checklists in remote areas (Hylton et al., 
2017). 

Finally, citizen science can also be an excellent means 
of engaging the community in research and conservation, 
building social capital between researchers and the public 
and encouraging the community to engage in conservation 
(Forrester et al., 2017; McKinley et al., 2017). Well-designed 
and implemented citizen science programs can democratize 
science and demystify the research process, helping par- 
ticipants to better understand science and enabling them to 
participate in the scientific processes of data collection and 
analysis (Baker, 2016; Resnik et al., 2015). Participants may 
also gain better knowledge and understanding of the sub- 
ject area through access to scientific resources and infor- 
mation and immersion in research, and the investigative 
process may also prompt participants to ask new questions 
and expand their own knowledge. Such programs can also 
connect people to the environment and empower and moti- 
vate the community to take conservation action (Bonney 
et al., 2009; Dickinson et al., 2012), such as, for example, 
advocating mammal conservation (Forrester et al., 2017) or 
becoming involved in butterfly conservation (Lewandowski 
and Oberhauser, 2017). These studies report that after par- 
ticipating in projects volunteers are more likely to take 
action (Lewandowski and Oberhauser, 2017) and to share 
information in their social circles (Forrester et al., 2017), 
and they also identified the importance of volunteers feeling 
connected to each other. This diffusion into the wider com- 
munity through a participant’s own social networks can be 
very important in engaging some communities such as fish- 
ers who place significant value in information sourced from 
their community and peers (Li, 2016). Effective participa- 
tion and positive relationships can also build trust between 
researchers and the community (Martin et al., 2016a), 
increasing the legitimacy of the project results which in turn 
may lead to increased acceptance of management actions. 
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The data collection capabilities of citizen science 
approaches coupled with community engagement, empow- 
erment, and participation mean that citizen science can be 
a powerful conservation and management tool. This is per- 
haps best illustrated in the field of bird conservation and 
management where volunteer ornithologists have had a sig- 
nificant direct influence in bird research and conservation 
(Greenwood, 2007). In Australia, data collected by BirdLife 
Australia’s community monitoring programs directly con- 
tribute to the Australian Government’s periodic State of the 
Environment reports and the development of policy such as 
the Action Plan for Australian Birds. Indeed, cryptic citi- 
zen science may be making valuable global contributions to 
assessing the effects of climate change on migratory birds 
and contributing to the policy addressing global threats 
(Cooper et al., 2014). Citizen science in the marine environ- 
ment is also increasing. Projects such as the Reef Life Survey 
(http://reeflifesurvey.com/) are beginning to provide wide- 
scale data for reporting on the state of Australia’s marine 
environment, and the Eye on the Reef program (www. 
gbrmpa.gov.au/managing-the-reef/how-the-reefs-managed/ 
eye-on-the-reef) is an important component of monitoring 
coral bleaching on the Great Barrier Reef. 


16.2 CITIZEN SCIENCE IN ACTION 
16.2.1 Scope, Scale, and Diversity of 
Citizen Science Projects 


Citizen science projects are incredibly diverse, and research- 
ers interested in integrating citizen science approaches into 
their work have many examples from which to choose. 
Citizen science projects vary in scale and complexity from 
small, locally focused, species-specific programs, such as 
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monitoring turtle bycatch in a single fishery (Peckham et al., 
2007), to global-scale citizen science monitoring networks 
and databases used to monitor migrating birds (Cooper et 
al., 2014). However, citizen science approaches can be cat- 
egorized according to the type of involvement community 
members have with the project. Bonney et al. (2009) identi- 
fied three main types of citizen science projects: 


1. Contributory—Projects are usually designed by profes- 
sional scientists, and community members contribute 
data and/or observations, including analyses of histori- 
cal citizen science data from journals or other records 
(e.g., Chin, 2014; Tian et al., 2011). 

2. Collaborative—Projects are generally designed together 
by scientists and community members, community 
members have input into project design and sampling 
methodology, and community members may help to 
collect and/or analyze data, review project findings, 
interpret results, and disseminate project findings (e.g., 
Whitelaw et al., 2003) 

3. Co-created—Projects are created and designed by 
scientists and community members working closely 
together through all stages of the project. Community 
members have input into the research question and may 
be the originators of projects. Such research projects can 
be conceived and implemented entirely by community 
members (Miller-Rushing et al., 2012). This type of proj- 
ect may be a form of participatory action research (see 
Chapter 17 in this volume). 


The specific characteristics and differences between these 
types of citizen science projects are shown in Table 16.1. 
The differing levels of engagement and participation 
between these project types translate to differences in trans- 
action costs, investment, and power dynamics. Contributory 
projects tend to have lower transaction and investment costs. 
The researcher selects the question, scope, and scale of the 


Table 16.1 Models for Public Participation in Scientific Research 

Contributory Collaborative Co-Created 
Project Process Projects Projects Projects 
Define research questions and hypotheses. —_— = V 
Organize funding and marshal resources. _— i? V 
Engage community and stakeholders. _ 4 V 
Develop design sampling and quality assurance and quality control protocols. _ i? V 
Collect data/samples. v v v 
Analyze data/samples. Vv? v2 v? 
Interpret data and draw conclusions. _ v? V 
Disseminate findings to community and stakeholders. i? ba V 
Discuss new questions, further actions. _ _ V 


Source: Adapted from Bonney, R. et al., Public Participation in Scientific Research: Defining the Field and Assessing Its Potential 
for Informal Science Education, a CAISE Inquiry Group Report, Center for Advancement of Informal Science Education 


(CAISE), Washington, DC, 2009. 


Note: Different types of citizen science projects have different levels of participation by community members, from collaborative 
projects where participants mainly collect data to co-created projects that closely involve the community in every aspect of 


the project including research question formulation. 


a Indicates that community members are sometimes involved in this process. 
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project and then creates the opportunity for community 
members to participate. The level of investment and owner- 
ship by community members may be reduced, as their role 
is mainly to contribute data when they feel inclined so their 
expectation of benefits and feedback may also be reduced. 
In contrast, co-created projects may require greater time and 
effort by all parties to attend meetings, prepare funding pro- 
posals, develop data-sharing agreements, and engage exter- 
nal stakeholders. This increased investment will probably 
increase participant expectations; thus, significant resources 
may be required to maintain communication and engage- 
ment, jointly develop and implement the project, analyze 
data, disseminate findings, and, if necessary, resolve con- 
flicts. Researchers should also recognize that in co-created 
projects intellectual input and ownership of the project and 
data are shared between participants. In successful projects, 
this power sharing and co-ownership can deliver powerful 
benefits gained from much deeper and more meaningful 
engagement and relationship building between researchers 
and the community. However, this deeper engagement and 
shared ownership can introduce additional ethical issues 
(see Section 16.3.2), and if these relationships fail the lack of 
progress and loss of trust may derail the entire project, leav- 
ing both the researcher and community with little benefit for 
their efforts. Importantly, such failures can lead to general 
distrust of research that can compromise future efforts by 
other researchers to work with these communities. As such, 
when deciding on a citizen science approach, researchers 
should carefully consider whether they have the time and 
resources needed to maintain the necessary level of invest- 
ment and engagement. 


16.2.2 Citizen Science with Sharks and Rays 


There are relatively few marine-focused citizen science 
projects compared to terrestrial based-projects (Cigliano et 
al., 2015; Theobald et al., 2015). This disparity is probably 
due to the increased cost and difficulty in working in the 
marine environment, including additional costs of boating, 
specialized equipment, and all the associated training and 
safety considerations of marine operations, as well as the 
potential impact of adverse weather conditions (Cigliano 
et al., 2015). Additionally, some marine species can be 
highly mobile, naturally less abundant, patchily distrib- 
uted, relatively shy, and difficult to accurately identify, and 
they may occur in inaccessible or undesirable habitats (e.g., 
deep ocean, muddy estuaries). Many of these traits apply to 
sharks and rays, and, indeed, relatively few citizen science 
projects are focused on sharks and rays. Of these projects, 
most citizen science projects involving sharks and rays tend 
to be contributory projects, although collaborative and co- 
created projects may be emerging. 

Some of the best known shark and ray citizen science 
projects include photo-identification projects of iconic spe- 
cies such as the broadnose sevengill shark (Notorynchus 
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cepedianus)  (http://sevengillsharksightings.org/), whale 
shark (Rhincodon typus) (www.whaleshark.org.au/educa- 
tion/citizen-science/), and manta rays (Mobula birostris; 
M. alfredi) (www.mantamatcher.org/). These projects tend 
to be contributory projects where community members are 
invited to send in photographs to the research team. In some 
cases, researchers have collaborations with tourist operators 
whom they may work alongside. Photo-identification is an 
established technique for identifying individual sharks and 
rays (Marshall and Pierce, 2012; see also Chapter 12 in this 
volume). The development of photo-imaging and image- 
processing software has enabled researchers to analyze pho- 
tographs contributed by scuba-diving and snorkeling citizen 
scientists from around the world to study the movement and 
population dynamics of white sharks (Gubili et al., 2009), 
whale sharks (Araujo et al., 2017; Arzoumanian et al., 2005; 
Davies et al., 2012; Sequeira et al., 2013), and manta rays 
(Jaine et al., 2012; Town et al., 2013). However, photo-iden- 
tification projects also include less iconic species such as 
the whitetip reef shark (Triaenodon obesus) (Whitney et al., 
2012), sicklefin lemon shark (Negaprion acutidens) (Buray 
et al., 2009), and blacktip reef shark (Carcharhinus mela- 
nopterus) (Mourier et al., 2012; Porcher, 2005). 

Iconic species provide the best known examples of shark 
and ray citizen science, but other innovative projects focus on 
different species and allow community members to partici- 
pate without the need to snorkel or scuba dive. Since 2003, 
the Great Egg Case Hunt (www.sharktrust.org/en/GEH_the_ 
project) run by the Shark Trust in the United Kingdom has 
mobilized scuba divers, snorkelers, and beachgoers to record 
the number of spent egg cases they observe to document the 
relative abundance and distribution of egg-laying sharks and 
skates. Observers can participate at varying levels—from 
recording opportunistic finds during beach visits to perform- 
ing standardized beach surveys according to a formalized 
sampling protocol. These data can help to identify potential 
nursery areas for further study and inform potential conser- 
vation and management. The project website provides a wide 
range of training tools and information and, importantly, has 
an interactive map that displays project results. Participants 
are also reminded to record zero data, such as visits to beaches 
where no egg cases were recorded. The data are also sepa- 
rated into verified data, which are records where a photograph 
or specimen has been checked by a Shark Trust member, or 
unverified data for records without this quality control check. 
The project has been very successful and involves over 1000 
participants who have collected over 100,000 records, and 
it has provided quantitative data on skate and catshark egg 
cases and taxonomy (Gordon et al., 2016). In 2013, the project 
expanded into the United States and has since expanded into 
the Netherlands and Portugal and is now receiving records 
from around the world. This growth into an international net- 
work of observers may in time provide the “big data” nec- 
essary for global monitoring, but this would not be possible 
without the large network of volunteers. 
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Citizen science approaches can also be very useful for 
documenting the presence or absence of cryptic or rare spe- 
cies and in defining species’ ranges and distributions, as 
the expanded sampling effort across a larger area increases 
the probability of observations (Dickinson et al., 2012). For 
example, citizen scientists have provided valuable data about 
the endangered smalltooth sawfish (Pristis pectinata) in the 
southern United States. Public sightings programs for saw- 
fish have collected observations and photographs that have 
helped map the species’ historic and contemporary range, 
revealed differences in depth and habitat use between size 
classes, identified key sawfish habitats (Waters et al., 2014; 
Wiley and Simpfendorfer, 2010), and identified ongoing 
threats (Seitz and Poulakis, 2006). Importantly, these public 
sightings were instrumental in identifying critical habitats 
that have since been protected to promote sawfish recovery 
(Norton et al., 2012), and the associated education and out- 
reach programs have increased public understanding of the 
sawfish’s plight and informed fishers of safe handling and 
release techniques. 

In Australia, the Great Porcupine Ray Hunt used diver 
photographs to record the distribution of the uncommon 
porcupine ray (Urogymnus asperrimus). Citizen science 
contributions expanded its known southern range, in addi- 
tion to providing information about its depth range, habitat 
use, and significance to indigenous communities (see Case 
Study 1. The Great Porcupine Ray Hunt). Similar photo- 
graphic evidence approaches are being used in the Shark 
Search Indo-Pacific project (www.sharksearch-indopacific. 
org) to create robust checklists of shark and ray diversity in 
the Indo-Pacific (Hylton et al., 2017). In these cases, photo- 
graphic evidence is a key component of the project’s quality 
control processes; however, unsolicited photographs col- 
lected by community-based observers can also prove valu- 
able in documenting range expansions and rare species. For 
example, in 2015, scuba divers from the Great Barrier Reef 
sent scientists photographs of interesting rafting behavior 
observed in stingrays. Although rafting behavior in rays is 
not uncommon, the species photographed was a small-eyed 
stingray (Dasyatis microps) and provided the first validated 
records of that species’ occurrence on the east coast of 
Australia (Meekan et al., 2016). 

Citizen science is also being used to collect information 
on global patterns in shark and ray occurrence. The eShark 
project (http://eoceans.org/?page_id=424) has collected 
over 33,000 records of sharks and rays from divers, fishers, 
snorkelers, boaters, and paddlers around the world. The pub- 
lic is invited to submit opportunistic sightings via an online 
form that collects information about where sharks and rays 
are observed, and the aggregated data are used to examine 
widescale spatial and temporal patterns in shark occurrence 
(e.g., Ward-Paige et al., 2010b). The Shark Base project 
(www.shark-base.org) also solicits public sightings of sharks 
and rays but expands data collection to include records of 
sharks seen in media and on the Internet. Citizen scientists 
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may also count sharks and rays as part of broader underwa- 
ter visual survey projects, such as the Reef Environmental 
Education Foundation (www.reef.org), which closely col- 
laborates with eShark, or the Reef Life Survey (www. 
reeflifesurvey.com). These projects generally record data 
on a large number of taxa and are not specifically designed 
for surveying sharks and rays. Although these projects can 
amass a substantial amount of information, sharks and rays 
can be difficult to monitor through these generalized sur- 
vey methods as they are typically in much lower abundance 
than teleost fishes, are highly mobile (including at depths 
and distances beyond diver visual range), and can be dif- 
ficult to accurately identity underwater (see Section 16.3.3). 
However, this does not mean that citizen scientists cannot 
count sharks. In cases where dives occur at known aggrega- 
tion sites where sharks are more numerous and potentially 
acclimatized to diver presence and divers are specifically 
tasked with counting sharks, comparative studies have 
shown that citizen scientists can collect high-quality abun- 
dance data over time (Vianna et al., 2014). 


16.2.3 Technological Advances 
and Citizen Science 


Ongoing improvements in technology have greatly increased 
the potential for citizen scientists to collect and store large 
amounts of high-quality data. The increased availability of 
high-speed Internet has made it possible to share and dis- 
seminate large amounts of data over vast networks. The 
introduction of digital cameras and storage has enabled pho- 
tographers to take a large number of high-resolution images, 
to check these images in the field, and then, perhaps most 
importantly for research applications, easily disseminate 
these images through email or the Internet. Digital cameras 
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Figure 16.1 Tailor-made apps for mobile devices, such as the 
Redmap app for logging climate change range- 
related species extensions, allow citizen scientists to 
collect high-quality data while inbuilt data verification 
and validation processes reduce data errors and data 


management costs. 
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have become less expensive and more reliable, and Global 
Positioning System (GPS)-integrated models enable each 
image to be geotagged, providing accurate date, time, and 
location data for each image. For marine researchers, the 
increasing availability of underwater digital still and video 
cameras provides citizen scientists with the means to col- 
lect and share data on marine species and phenomena. More 
recently, the introduction of small, rugged action cameras, 
such as the GoPro®, have allowed divers and snorkelers to 
collect increasingly large amounts of imagery that can be 
used raw or processed further to provide novel data (Raoult 
et al., 2016). 

Another major technological advance is the development 
of the smartphone and other mobile devices. These devices 
can have considerable computing power, are compact and 
mobile, and can link to the Internet through cellular com- 
munications networks. Furthermore, almost all smartphones 
have integrated GPS and high-quality cameras. This technol- 
ogy enables a citizen scientist to collect, process, and submit 
real-time data in a field environment through user-friendly 
apps. Indeed, numerous free apps are already available for 
citizen scientists projects, encouraging the community to 
collect and submit data on a wide range of topics from data 
on marine debris (NOAA/University of Georgia Marine 
Debris Tracker) to tracking global patterns in human sexual 
behavior (Kinsey Reporter). These tailor-made tools allow 
data to be collected in prescribed formats, with in-built 
quality control processes that ensure data are entered cor- 
rectly (Figure 16.1). They can also provide instant support to 
the citizen scientist in the field by including reference mate- 
rials such as species identification guides, sampling proto- 
cols, and FAQs, as well as means to contact the research 
team to ask questions and seek advice and participate in 
other ways (Figure 16.1). Furthermore, when data have been 
collected, they can be uploaded automatically via cellular 
networks, reducing time lags between data collecting and 
data entry and reducing data entry costs. Apps that require 
users to register also help research teams monitor commu- 
nity engagement and participation and can make it easier to 
communicate directly with participants. Importantly, intui- 
tive, icon- and image-driven apps can overcome literacy 
barriers, allowing citizen scientists in developing countries 
to collect valuable data. For example, the Hapi Fish Hapi 
Pipol project in the Solomon Islands uses picture- and icon- 
driven mobile apps that enable community fish monitors to 
collect fisheries data (www.fisheries.gov.sb/hapi-fis). Given 
the resource limitations, logistical challenges and conserva- 
tion pressures in many developing nations, these enabling 
technologies may be extremely valuable. 

It is important to recognize that potential advantages 
from technological advances extend beyond data collection 
tools. Image processing and automated pattern recognition 
software enable researchers to analyze large image librar- 
ies to identify individual whale sharks and manta rays by 
their unique markings, significantly reducing analysis times 
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(Arzoumanian et al., 2005; Town et al., 2013) and enabling 
global-scale analysis of movement patterns (Sequeira et al., 
2013; see also Chapter 12 in this volume). Data filters can 
screen for unusual values during data input, alerting users 
to potentially erroneous data and thus improving data qual- 
ity (Bonter and Cooper, 2012). Technology is fast reaching 
the stage where a citizen scientist can take a photograph of a 
specimen in the field with a mobile device that then processes 
and analyzes the image to identify the specimen. The device 
will then send the photograph, tagged with date, time, and 
location data, directly to the project database which can then 
trigger such actions as sending an SMS alert to the researcher 
or, when an urgent response is required (such as with a pollu- 
tion incident or a new record of an invasive species), directly 
to managing authorities (Newman et al., 2012). There are 
also large scientific data repositories (e.g., www.datadryad. 
org) that will curate data and even integrate data and manu- 
script submissions for some journals. Furthermore, some 
online data platforms such as iNaturalist (www.iNaturalist. 
org) or the Atlas of Living Australia (www.ala.org.au) are 
specifically designed to accommodate observation-type data 
commonly collected by citizen science programs. Storing 
project data within existing data repositories makes proj- 
ect data easier to locate and retrieve and consolidates data, 
which in turn enables “big data” analyses (Mackechnie et al., 
2011; Newman et al., 2012). 

Social media also provides unprecedented capabili- 
ties to interact in real time with a large audience, enabling 
researchers to promote projects, advertise opportunities 
to participate, and quickly disseminate results and project 
information (Newman et al., 2012). Projects can quickly 
establish an online presence using pages such as Facebook,® 
and social media platforms such as Twitter® and Instagram® 
allow researchers to capitalize on social networks to moti- 
vate the community to participate, in addition to engaging 
the wider, non-participating community in project news and 
activities. The careful use of hashtags to uniquely identify 
a project can provide a useful means of archiving project 
engagement and activities to help the community understand 
the project and view the results, in addition to helping the 
research team report on project outcomes. In the case of 
image-based social media such as Flickr™ and Instagram®, 
hashtags may even be used to search for particular evidence 
of species or phenomena among the platform’s entire user 
base and, when such evidence is located, facilitate direct 
communication with the observer. 

The Internet and social media also provide platforms to 
connect individual observers into global observer networks. 
For example, the eBird initiative provides an Internet-based 
platform that enables bird watchers around the world to log, 
share, and discuss sightings and data and to manage data 
in a unified database (Sullivan et al., 2009). With millions 
of data records submitted every year (Bonney et al., 2014), 
the eBird system enables researchers and conservationists to 
investigate regional and global scale trends and phenomena 
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that would be impossible to detect otherwise. Web-based 
projects such as iNaturalist combine mapping, social net- 
working, and data tools into websites where participants can 
upload data, ask questions, use mapping and query tools to 
search for sightings, and set up individual profiles. Using the 
site’s social tools, iNaturalist users can identify species for 
each other, locate other participants nearby, and create local 
networks and projects. iNaturalist also integrates social net- 
working tools that provide opportunities for participants to 
interact directly with each other and exchange information. 
To encourage and maintain participant engagement, some 
websites build in recognition and badging schemes that 
reward participants for their efforts by displaying awards 
on users’ profile pages to acknowledge their contributions, 
expertise, and assistance given to others (Dickinson et al., 
2012). Technology is improving at a rapid rate, and mod- 
ern communications networks allow researchers to directly 
connect with communities at unprecedented scales and citi- 
zen scientists to collect increasingly accurate and detailed 
information. Researchers interested in harnessing citizen 
science should carefully consider how to use technology to 
their advantage in designing, implementing, and evaluating 
their projects. 


16.3 MAKING CITIZEN SCIENCE WORK 
16.3.1 Special Considerations for 
Using Citizen Science 


Partnerships between scientists and the community can 
strengthen research, help address real-world problems, and 
enhance community awareness of science and conservation 
issues (see Section 16.1.3). Nevertheless, researchers using 
citizen science in their work will encounter several chal- 
lenges. Citizen science has historically met resistance from 
the research community over doubts about data quality and 
rigor in analysis and interpretations. In some instances, these 
concerns remain valid. One of the main concerns involves 
observer quality—that is, the ability of untrained (usually 
volunteer) observers to collect accurate data (Dickinson et 
al., 2010) and the subsequent quality of the data produced 
(Riesch and Potter, 2014). Numerous studies conducted on 
citizen science projects have found that multiple factors 
can affect data quality, including group size, monitoring 
experience, participant age, training, aptitude, education, 
and level of involvement by scientists in the data collection 
(Buesching et al., 2014; Delaney et al., 2008; Nerbonne and 
Nelson, 2008), but it is also unlikely that there are factors 
that can be universally applied to predict observer quality 
(Crall et al., 2011). However, numerous studies also show 
that with proper project design, participant training, and sup- 
port, citizen scientists can collect data that are comparable to 
those collected by professional scientists (Crall et al., 2011; 
Darwall and Dulvy, 1996; Vianna et al., 2014). Furthermore, 
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data quality and interpretability can be improved by insert- 
ing technological innovations into the project (see Section 
16.2.3), and various statistical approaches can account for 
commonly encountered biases (Bird et al., 2014). 

Other challenges and limitations also must be acknowl- 
edged. Community members may be more likely to par- 
ticipate in projects that are considered to be easy, fun, and 
social (Dickinson et al., 2012). This may be relatively simple 
to accomplish in contributory projects where participants 
have flexibility over where and when they sample, but this 
can lead to sampling bias. Participants might collect obser- 
vations only when the weather is ideal or at easily acces- 
sible locations, and they might only record observations they 
think are interesting. This can lead to under- or overreport- 
ing, and results may reflect observer effort rather than actual 
trends and patterns (Dickinson et al., 2010). Although statis- 
tical methods may be able to account for many forms of bias 
(Bird et al., 2014), in some cases the research team may have 
to design and implement a standardized sampling protocol 
for community participants to follow or involve prescriptive 
sampling at specific times. For example, monitoring certain 
events (e.g. floods, dust, noise) may require volunteers to 
collect data in adverse conditions, which could reduce par- 
ticipation rates and even involve health and safety concerns. 
Furthermore, although data collection can be perceived as 
fun, citizen scientists may find data entry and management, 
analysis, reporting, and project administration much less 
enjoyable and potentially of less interest. Researchers need 
to carefully consider participant motivations and capabili- 
ties to design programs and assign tasks that balance ease, 
flexibility, and capability with the level of effort, rigor, and 
detail required. Getting this balance wrong can lead to poor 
participation, volunteer dissatisfaction, and poor quality 
data (Martin et al., 2016a,b). 

The marine environment introduces additional specific 
challenges for citizen science due to logistical constraints, 
environmental conditions, and _ safety considerations 
(Cigliano et al., 2015; Theobald et al., 2015). The safety and 
well-being of volunteers should be a primary consideration. 
One benefit of contributory projects is that participants con- 
tribute information collected during the conduct of their own 
personal activities, reducing the researchers’ responsibility 
for their health and safety. However, if citizen scientists are 
collecting data according to a sampling protocol provided 
by the research team, then supervising researchers need to 
ensure that participants have the appropriate training, equip- 
ment, support, and supervision required to enable them to 
safely apply the sampling protocol. Additionally, citizen sci- 
entists may also have to be made aware of, or even formally 
trained and authorized in, research ethics and specific pro- 
tocols if the research project is taking place under specific 
research permit conditions or ethics approvals. Researchers 
should also carefully consider liability and insurance issues 
should a volunteer be injured while conducting a survey or 
collecting data. Citizen science in the aquatic realm may 
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also exacerbate some of the sampling biases evident in ter- 
restrial studies. Distance and weather conditions may limit 
the ability to safely access sampling sites and bias observa- 
tions to nearshore, sheltered sites. In particular, divers and 
snorkelers may favor sites with good visibility and abundant 
marine life. They may also be restricted to visiting sites fre- 
quented by commercial tour operators who may also select 
sites based on ease of access, safety, and attractiveness to 
tourists. Similarly, many citizen scientists may not be able 
to access sites farther offshore, collect samples from deep 
water, or sample at night. Community members may also 
be more interested in sampling iconic or interesting species, 
which are usually marine megafauna (marine turtles, sea- 
birds, marine mammals, large fishes), leading to underrep- 
resentation of some species. 

Given that sampling bias is common in many (if not 
all) presence-only datasets, new methods are increasingly 
being developed to account for or correct for such bias when 
using quantitative analyses. For example, Phillips and Elith 
(2010) described the presence-only calibration (POC) plot, 
which uses presence-only data (the type of data often gener- 
ated by citizen science projects) to determine whether mod- 
eled predictions of species distributions are proportional to 
the conditional probability of species presence. Warton et 
al. (2013) accounted for observer bias (specifically, pseudo- 
absence data) by factoring observer biases directly into spe- 
cies distribution modeling approaches. Presence locations 
are modeled as a function of observer bias variables (e.g., 
accessibility of different locations), as well as environmen- 
tal variables, to condition the model and make predictions 
of species distributions corrected for observer bias (Warton 
et al., 2013). Researchers should be aware of these statisti- 
cal tools and their potential to resolve bias issues in citizen 
science data. 


16.3.2 Ethical Considerations 


Citizen science provides a powerful means to engage com- 
munities in science, but forming these relationships intro- 
duces ethical dimensions (Resnik etal., 2015). Unfortunately, 
these dimensions generally receive less attention but can 
jeopardize citizen science projects and even the careers of 
researchers involved (Riesch and Potter, 2014). Researchers 
need to recognize that participants are donating their time, 
resources, and often knowledge, so there is a reasonable 
expectation that researchers will be transparent about the 
project and use of data and that participants will be treated 
fairly and gain tangible benefits (Mackechnie et al., 2011; 
Riesch and Potter, 2014). Researchers should also recog- 
nize the potential implicit power imbalance where the proj- 
ect leaders (scientists) assume the role of authority figures 
that may decide when, where, and how community mem- 
bers participate, gain control over information, and poten- 
tially unilaterally decide the fate of the data. This could be 
seen as exploitative and result in resentment and conflict, 
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particularly for projects where community members make 
a great investment of local knowledge, time, and effort. 
Information about project aims, processes, data ownership, 
and sharing should be clearly stated in project information 
sheets, and for co-created projects should be jointly written 
and agreed upon with community representatives. Many 
different arrangements exist, but most researchers engaging 
citizen scientists consider reciprocity (Riesch and Potter, 
2014). Appropriate reciprocity could include training in 
scientific methods and data management; assistance with 
community-driven activities (e.g., festivals, beach cleanups, 
social media shoutouts); certificates detailing the training 
received; project paraphernalia such as t-shirts, posters, and 
stationary; and making time available to engage with and 
be responsive to the community (Resnik et al., 2015; Riesch 
and Potter, 2014). 

Intellectual property (IP) can also be a sensitive issue 
in citizen science projects and has even escalated to costly 
law suits (Resnik et al., 2015). Data and knowledge can be 
considered sensitive by data owners, and, depending on the 
cultural context, different people within communities may 
feel they should have full access to it or, conversely, that 
they alone should have control over how it is disseminated 
and understood (Pulsifer et al., 2014). Consequently, IP and 
data ownership arrangements must be well thought out and 
agreed upon by all participants before project commence- 
ment. For contributed data such as photographs, details 
regarding copyright and image use should be clear at the 
time of image submission. For example, the Shark Search 
Indo-Pacific project uses contributed photographs to help 
validate species records, and the terms and conditions by 
which contributors’ photographs are used are relatively 
simple and clearly stated (www.sharksearch-indopacific.org/ 
get-involved). 

The ramifications of IP issues can be greatly magni- 
fied when dealing with sensitive or confidential information 
(Resnik et al., 2015). In some cases, the research team may 
receive information that should not be shared for conserva- 
tion reasons. For example, the Chinese cave gecko was har- 
vested nearly to extinction shortly after its discovery was 
published (Lindenmayer and Scheele, 2017). Social media 
facilitates the rapid spread of news of rare species or spe- 
cial locations that can result in negative effects on popula- 
tions before management and protection can be put in place. 
Scientists receiving sensitive information such as locations 
of rare species, aggregations, or places of special commu- 
nity interest and value need to carefully consider the poten- 
tial costs of disseminating this information. For projects 
that acquire sensitive information, researchers should con- 
sider developing data-sharing agreements that clarify how 
IP and confidentiality issues will be managed, ownership of 
the data received and the knowledge derived from it, and 
who authorizes the publication and sharing of information. 
Researchers should also be careful not to underestimate how 
long such negotiations may take. 
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Potential conflict may also arise regarding author- 
ship of project publications (Resnik et al., 2015; Riesch 
and Potter, 2014). Although it is often inappropriate to list 
every participant as an author, participants should be for- 
mally acknowledged in the paper (Dickinson et al., 2012), 
although this may not be practical with large numbers of 
contributors (for example, Redmap has had over 800 con- 
tributors). Authorship may be considered for certain partici- 
pants who make significant contributions to the paper, but 
it is advisable to have these criteria clearly communicated 
at the beginning of the project. For more complex projects, 
these criteria can be appended to data-sharing agreements. 


16.3.3 Special Considerations for Shark 
and Ray Citizen Science Projects 


Shark and ray research includes a number of specific consid- 
erations for citizen science. First, because most sharks and 
rays are highly mobile, have complex behavior and move- 
ment patterns, and are potentially less abundant than other 
marine fishes, it is likely that citizen scientists will observe 
only a few animals unless they are actively fishing for them 
or scuba diving at a location specifically to see them. This 
means that some projects may result in large numbers of zero 
data, which can be difficult to analyze and can also quickly 
reduce volunteer motivation to maintain survey effort. 
Second, many sharks can be difficult to accurately iden- 
tify. For example, many members of the Carcharhinidae are 
very similar and can be difficult for even experienced shark 
biologists to identify reliably. These errors may be magni- 
fied when surveys take place in low-visibility conditions 
or when viewing an animal from the surface. Generalized 
underwater visual surveys by citizen scientists are crucial to 
monitoring large-scale changes in marine ecosystems, but 
these limitations mean that data may have to be pooled into 
species groups (e.g., Ward-Paige et al., 2010b), which com- 
promises the ability to identify species-specific trends and 
draw robust conclusions on species conservation status. 

The adequacy of underwater visual surveys on scuba for 
surveying mobile marine species such as sharks has been 
questioned due to concerns over diver effects and depth 
limitations (Lindfield et al., 2014; Ward-Paige et al., 2010a; 
Willis et al., 2000). Furthermore, many sharks may live in 
habitats that are less appealing to community volunteers. 
Most citizen science projects working with sharks and rays 
involve scuba divers in relatively clear water on reefs, as div- 
ers prefer these conditions and tourism operations visit these 
locations. Scuba divers and snorkelers are much less likely 
to be willing to survey muddy coastal waters, and even if 
they did the surveys would be compromised by low visibil- 
ity, making these approaches potentially unsuitable for spe- 
cies that are not associated with reefs. 

Fishers are not restricted by these issues and thus could 
sample in these habitats; however, the potential safety 
issues arising from volunteers handling sharks and rays 


SHARK RESEARCH: EMERGING TECHNOLOGIES AND APPLICATIONS FOR THE FIELD AND LABORATORY 


must be carefully considered. An additional complica- 
tion is that some sharks and rays may be more active at 
night, when fishing and diving activities are likely reduced 
(Holland et al., 1992; Nelson and Johnson, 1970). Sharks 
may also change their activity patterns (and thus their 
detectability) in the presence of divers and boats, espe- 
cially when provisioning is involved (Brunnschweiler and 
Barnett, 2013; Fitzpatrick et al., 2011). These behavioral 
factors are highly variable, difficult to quantify, and thus 
can skew inferences about local abundances from citizen 
science projects. 


16.3.4 Common Pitfalls in 
Citizen Science Projects 


Numerous papers describe the outcomes of citizen science 
projects or examine data accuracy and scientific rigor, but 
far fewer publications describe failures and lessons learned 
from citizen science projects (Riesch and Potter, 2014). 
However, our personal experiences and discussions with 
citizen science practitioners have revealed several common 
process and planning pitfalls that can compromise citizen 
science projects. One common pitfall arises when research- 
ers are uncertain about how the data collected by citizen sci- 
entists are going to be used. This is not a question about data 
quality; rather, it is a question about the data being fit for 
purpose, as different quality data are required for different 
contexts (Riesch and Potter, 2014). Projects that are ambigu- 
ous about how the data will be used risk wasting partici- 
pants’ efforts through inappropriate data collection, which 
in turn can create volunteer dissatisfaction and distrust. If 
volunteers perceive that the data they collect are not being 
used in the ways they thought it would, they are likely to 
cease participating and may even feel misled by the research 
team (Ganzevoort et al., 2017). 

Other potential pitfalls involve inadequate consideration 
of the nature of volunteer community members. Volunteers 
may lack the interest, capability (skills and abilities), or 
capacity (time and resources) to undertake more intensive 
and complex tasks. If expectations are set too high, the 
project risks having low participation rates and high par- 
ticipant dissatisfaction. Where projects require recording 
of presences and absences, community volunteers may 
also become frustrated with recording zero data and may 
not understand the importance of including zero values in 
a dataset. This issue may be especially pertinent to proj- 
ects on rare species or phenomena where large amounts of 
zero data are likely. The risk is that volunteers fail to record 
zero data or even stop participating because they fail to find 
what they are searching for. Participant motivation can also 
vary depending on the species and location. It may be rela- 
tively easy to motivate scuba divers to record sightings of 
charismatic species on coral reefs but much more difficult 
to motivate volunteers to survey muddy estuaries or man- 
groves for catsharks or stingrays. 


CITIZEN SCIENCE IN SHARK AND RAY RESEARCH AND CONSERVATION 


Citizen science programs often cite public education and 
mobilization as an explicit goal, and there is certainly evi- 
dence that participation can inspire community change and 
action (see Section 16.1.3); however, specific attention is often 
needed to realize these goals. Claims that citizen science 
can change community behaviors and attitudes are poten- 
tially compromised by the fact that project participants may 
already be intrinsically motivated toward conservation. For 
example, scuba divers contributing photos of sharks and rays 
are already likely to be marine conservation advocates as (1) 
scuba diving is a pasttime, and (2) they self-select by actively 
choosing to participate. Thus, citizen science projects may 
risk preaching to the choir, so to speak. Nevertheless, this 
may be a valid and worthwhile outcome. Citizen science 
can provide opportunities for conservation-orientated com- 
munity members to mobilize, become more organized, and 
implement local conservation actions. However, if a citizen 
science project states that one of its objectives is to inform 
and empower the broader community, project leaders may 
need to take specific actions to engage community members 
outside of project participants. 

The last pitfall discussed here is that researchers often 
underestimate the amount of time, effort, and resources 
required to engage communities, inform them of oppor- 
tunities to participate, build volunteer capacity, maintain 
enthusiasm, and report back to communities, as well as the 
normal tasks required for the research project (Resnik et 
al., 2015). Citizen science projects often place emphasis on 
engagement and communication, but traditionally trained 
scientists may have limited training and experience in 
these areas. Moreover, there are additional difficulties for 
projects that require consistent, ongoing engagement and 
communication over large geographical areas with limited 
financial resources. Depending on the nature of the project, 
considerable researcher investment may also be required to 
prepare ethics applications, project information, and fact 
sheets; to arrange meetings and travel; to draw up data- 
sharing agreements; and possibly initiate conflict resolu- 
tion between project participants or members of the team. 
Researchers should be very clear about their capacity and 
capability to build and maintain community engagement 
efforts and select a citizen science approach (contributory, 
collaborative, or co-created) and scale that match their 
research question, resources, and abilities. 

16.3.5 Importance of Quality Assurance 
and Quality Control 


Probably the greatest concern scientists and managers 
express about citizen science is doubt about data quality 
(Bonter and Cooper, 2012; Dickinson et al., 2010; Riesch 
and Potter, 2014). Interestingly, although many research- 
ers involved in citizen science may be personally confident 
about data quality, they may be concerned about how other 
scientists, reviewers, and journal editors will perceive the 
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data, fearing that these perceptions could make it more diffi- 
cult to publish the research and maintain credibility (Riesch 
and Potter, 2014). However, these perceptions may be 
unfounded. Numerous studies have found that well-designed 
citizen science programs can provide high-quality data that 
may be of comparable quality to that collected by profes- 
sional researchers (Darwall and Dulvy, 1996; Holmberg et 
al., 2008; Tulloch et al., 2013). Additionally, citizen science 
research has found that, although data quality is important, 
many other factors such as project scale and longevity affect 
publication rates (Theobald et al., 2015); thus, perceptions 
that citizen science data are more difficult to publish may 
be unfounded. Researchers might rightly spend less energy 
on trying to ensure that data are collected to the highest 
quality attainable and instead focus on making sure that the 
data are fit for purpose; that is, the data quality matches its 
intended application (Riesch and Potter, 2014). It follows 
that researchers who want to demonstrate that the data are 
fit for purpose need to explicitly describe the quality (fit- 
ness) and intended application (purpose) of the data. To do 
so, the researcher must clearly state the intended purpose 
of the data and demonstrate how the data meet the quality 
standard required. 

Quality assurance and quality control are two separate 
but interlinked processes that together depict the quality of 
a product or output. Quality assurance (QA) describes the 
steps taken to ensure that tasks and activities are completed 
to the required standard. This includes providing the train- 
ing, infrastructure and equipment, resources, and proto- 
cols to ensure that the activities producing the product are 
completed properly. Quality control (QC) processes are the 
steps taken to make sure that the products or outputs cre- 
ated by these tasks and activities meet the required standard. 
These include product testing, independent monitoring and 
evaluation, quality checks, and audits. There is no set mini- 
mum standard of QA/QC, as the required standard applied 
depends on the product’s intended purpose. For example, 
alloys used for kitchen utensils may not have to be produced 
to the same standard as those used for aircraft components. 

Many QA/QC options are available for citizen sci- 
ence projects. Common QA processes focus on the people, 
enabling the participants to collect data to the required stan- 
dards. These may include developing training programs to 
standardize data collection, producing identification guides 
and sampling protocols, providing access to reference mate- 
rials, developing standardized data sheets, providing simple 
equipment and the training to use it properly, and creating 
the means and opportunities for participants to learn from 
each other (Bonter and Cooper, 2012; Crall et al., 2010). In 
contrast, QC processes tend to focus on the data and involve 
checks to make sure that data are at the required standard. 
One QC process that should be included involves checking 
contributed data to ensure correct interpretation (e.g., having 
expert confirmation of species identification). The terminol- 
ogy used to describe QC processes must be consistent so that 
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QA/QC protocols can be clearly understood and compared. 
Unfortunately, the terms data verification and data vali- 
dation are sometimes confused. We suggest that research- 
ers adopt the definitions used by the National Biodiversity 
Network (https://nbn.org.uk/), which has defined data verifi- 
cation as the process of “ensuring the accuracy of the iden- 
tification of the things being recorded” and data validation 
as “carrying out standardized, often automated, checks on 
the ‘completeness,’ accuracy of transmission and validity of 
the content of a record.” In a biological context, verification 
is performed by species experts and validation is performed 
by data experts. 

Quality control processes often include expert verifi- 
cation of photographs or emerging trends, automated data 
validation in databases, or the use of data collection tools 
to flag records that are incomplete or values that violate 
preset limits. In marine citizen science projects, QC often 
involves expert verification of photographs (see case stud- 
ies, below). Technology can also be used to greatly enhance 
QA/QC by providing new training tools (e.g., video courses, 
online tests) and data collection tools that control how data 
are entered and can check the data in real time during data 
entry in the field (see Section 16.2.3). QC can also include 
project protocols—for example, a clear series of steps taken 
to flag, verify, and assess data anomalies to decide whether 
to retain or discard these data (Riesch and Potter, 2014). 

Only half of marine citizen science projects surveyed 
between 1983 and 2013 included quality control to ensure 
the collection of a robust dataset that can be defended (Thiel 
et al., 2014), despite this being critically important to the 
credibility of the data (e.g., Crall et al., 2010; Gallo and 
Waitt, 2011; Hochachka et al., 2012; Sullivan et al., 2014). 
Furthermore, even if QA/QC processes are in place, the 
lack of clarity about how they are implemented can also 
discourage uptake by intended data users (Chin, 2013). In 
summary, researchers considering citizen science projects 
should implement QA/QC processes that suit the intended 
use of the data and ensure that these processes are clearly 
documented so that third parties can make informed deci- 
sions about how to use the data. 


Case Study 1. The Great Porcupine Ray Hunt 


BACKGROUND 


The Great Porcupine Ray Hunt aimed to obtain bet- 
ter information about the occurrence and distribution 
of the porcupine ray (Urogymnus asperrimus), a spe- 
cies assessed as being one of the most at-risk shark and 
ray species with regard to climate change in the Great 
Barrier Reef (Chin et al., 2010). However, it was consid- 
ered a relatively rare species and very little was known 
about its occurrence, biology, and habitat use. Given the 
paucity of existing records (Theiss et al., 2010), a citizen 


science project was launched to (1) document the distri- 
bution, range, and habitat use of the species in Australia; 
(2) identify any hotspots of occurrence; and (3) docu- 
ment any potentially new information on its biology, 
ecology, and behavior. 


ENGAGING CITIZEN SCIENTISTS 


The project focused on the scuba diving community 
who are more likely to encounter this species than other 
marine user groups. As a purely contributory project, 
no training was involved other than showing the com- 
munity what the species looked like. The project team 
formed a collaboration with major scuba magazines 
(SportDiving Magazine and Dive Log Australasia) and 
a scuba equipment retailer (Adreno.com) to promote the 
project and to provide prizes to incentivize scuba div- 
ers. A Facebook page (www.facebook.com/The-Great- 
Porcupine-Ray-Hunt--305641946126804/) was created 
to enable researchers and the community to interact and 
post photographs. Project posters were also distributed 
to dive shops and research stations, and the project was 
advertised through the Eye on the Reef Program, a large 
citizen project implemented across the Great Barrier 
Reef. The project was a relatively small-scale proj- 
ect that was actively promoted and managed between 
November 2011 and June 2012. 


DATA COLLECTION AND VERIFICATION 


Citizen scientists were asked to send photographs of 
porcupine rays encountered in Australian waters and to 
send details of the date, depth, and location. Project sci- 
entists verified the photographs received and asked for 
additional information, if necessary. The project bene- 
fited from the animal’s unique appearance (Figure 16.2). 
Porcupine rays are a relatively large, bold species cov- 
ered with spikes or thorns, making it easy for snorkelers 
and divers to approach and identify accurately. Although 


Figure 16.2 Porcupine ray photographed on March 18, 2017, at 


Magnetic Island by Porcupine Ray Hunt contributor 
Ms. Sanna Persson. 


CITIZEN SCIENCE IN SHARK AND RAY RESEARCH AND CONSERVATION 


photographs were required for data quality control, 
none of the photographs received was a misidentifica- 
tion, probably due to the species’ unique appearance. 
Once validated, all data were uploaded to the Atlas of 
Living Australia (www.ala.org.au), Australia’s national 
database for biodiversity data, for long-term curation. 
Importantly, the project outcomes were written up in an 
article in SportDiving Magazine to show the scuba com- 
munity what their efforts had produced. 


PROJECT OUTCOMES AND LESSONS LEARNED 


The project was very successful. Only 29 new records 
were received, but these contributions more than dou- 
bled existing Australian records of the species in biodi- 
versity and museum databases, and even provided video 
footage of mating behavior (Chin, 2014). The species 
range was extended, a depth range determined, and its 
habitat use expanded to include turbid, coastal habitats. 
Project findings were disseminated to the scuba div- 
ing community and the general public through articles 
in SportDiving Magazine and the media. However, it 
soon became apparent that the project team incorrectly 
assumed that the species was restricted to coral-asso- 
ciated habitats and perhaps community engagement 
should have included a wider range of potential con- 
tributors. Following newspaper articles and radio 
interviews about the project, additional information 
was provided by other members of the public, includ- 
ing trawler fishers and indigenous communities for 
whom the species has particular significance and value. 
Nevertheless, the project did provide valuable informa- 
tion that was used to develop successful funding pro- 
posals for additional research on the species. Moreover, 
contributions from the public are still being received 
even though the project is no longer being actively pro- 
moted, including observations from other countries. All 
Australian data continue to be uploaded to the Atlas of 
Living Australia, which makes it freely available to the 
general public. 


Case Study 2. Redmap Australia (Range 
Extension Database and Mapping Project) 


BACKGROUND 


Shifts in the geographical distribution of species (i.e., 
range shifts) are globally some of the most frequently 
reported impacts of climate change as species alter 
their distributional limits to keep pace with chang- 
ing environmental conditions (Burrows et al., 2014). 
Australia has 60,000 km of coastline, much of which 
is warming at least twice as fast as the global average 
(Hobday and Pecl, 2014), and range shifts have already 
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been detected in a wide range of species (Last et al., 
2011; Wernberg et al., 2016). Redmap is a citizen sci- 
ence initiative designed to provide an early indication of 
which species may be changing their distributions in our 
coastal marine environments and may therefore require 
additional research focus or management efforts. The 
project invites members of the public to submit photo- 
graphs of anomalous species they observe while under- 
taking marine activities such as fishing, diving, boating, 
and beachcombing. Redmap has two main discrete 
but linked objectives: (1) ecological monitoring for the 
early detection of species that may be extending their 
geographic distribution as our climate changes, and (2) 
engaging with the public on the ecological impacts of 
climate change, using their own data. Redmap is pri- 
marily a contributory citizen science project; however, it 
intentionally includes elements of a collaborative model. 
For example, members of the fishing and diving com- 
munities were involved in the selection of species being 
monitored and in the design, testing, and production of 
various aspects of the website, smartphone application, 
and major communication outputs such as the Redmap 
Tasmania Report Card (www.redmap.org.au/article/ 
the-redmap-tasmania-report-card/). 


ENGAGING CITIZEN SCIENTISTS 


Redmap is an Australia-wide project that engages par- 
ticipants from a range of sectors who may have quite 
different views on a variety of marine issues. An impor- 
tant challenge for Redmap is maintaining engagement 
with these individuals and groups and demonstrating 
that their observations are contributing significant sci- 
entific data. Educational messages about critical issues 
are carefully considered and framed for the target audi- 
ence, increasing the probability of engagement (Nisbet, 
2009). The Redmap team has developed a detailed 
engagement strategy. This is a dynamic document that is 
updated over time and is based on a typical engagement 
framework: 


1. Specify goals. 

2. Identify who to engage with. 

3. Develop engagement strategies and implementation 
priorities. 

4. Monitor progress (project evaluation). 


Fishers, divers, and scientists are at the frontline of 
Australia’s changing seas and form Redmap’s core audi- 
ence, and most of Redmap’s engagement activities are 
tailored toward these groups. 

Feedback on the project outcomes is delivered at 
both individual and community levels. A critical aspect 
of Redmap engagement is the individual and person- 
alized responses that participants receive from scien- 
tists for every observation submitted. Redmap is most 
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frequently active on Facebook, encouraging engage- 
ment with the audience through competitions, a weekly 
“What’s That Fish?” quiz, and providing the latest news 
on the marine environment or climate change, links to 
interesting media on marine research, stories relevant to 
the interests of fishers and divers, and the latest observa- 
tions logged around the country. The development of an 
interactive website and smartphone application has facil- 
itated increased interactivity, better reach, and improved 
collaboration and innovation. Within the Redmap proj- 
ect, integration of the website, smartphone application, 
and social media (e.g., Facebook, Instagram, Twitter) 
has been instrumental in maximizing reach, streamlin- 
ing workloads and processes, and allowing collabora- 
tors to work together. 


DATA COLLECTION AND VERIFICATION 


Redmap began as a pilot project in 2009 in the island 
state of Tasmania (population of approximately 500,000 
people), which has a well-networked community of fish- 
ers and divers and a highly collaborative scientific com- 
munity across multiple institutions (Frusher et al., 2014). 
As asmall-scale pilot project, Redmap began as a simple 
web form allowing submission of observations. The pilot 
was easily manageable by a single person using email to 
contact relevant local scientific experts to verify species 
identification and then manually emailing feedback to 
contributors. In December 2012, Redmap was extended 
to cover all states of mainland Australia (population 23 
million), with the expectation of data collection at the 
scale of decades. Community members can use region- 
specific lists of over 200 target species available on the 
website or smartphone app to help identify which spe- 
cies are unusual to their particular area before logging a 
sighting, or they can submit photographs of any species 
they know or consider to be unusual for a given area. 
Each species listed is linked directly in the database to 
one of 80 taxonomic experts from over 26 institutes, and 
sightings are routed automatically to them for verifying. 
After verification, sightings are displayed on the web- 
site and the observer is sent detailed feedback on their 
observation via email. 


PROJECT OUTCOMES AND LESSONS LEARNED 


Over 2200 “unusual” observations of a wide range of 
marine species have been submitted by approximately 
800 observers, all of which have been verified by sci- 
entists collaborating with the Redmap project. These 
observations have been used to examine potential range 
shifts (Robinson et al., 2015), provide detailed exami- 
nations of particular observations (Stuart-Smith et al., 
2017), including manta rays (Couturier et al., 2015), 
contribute data to larger studies (e.g. Last et al., 2011; 
Johnson et al., 2011) and add species distribution data to 
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the Australian Faunal Directory (www.environment.gov. 
au/biodiversity/abrs/online-resources/fauna/afd/taxa/ 
PISCES). The project currently lists 13 species of sharks 
and rays and has received approximately 35 verified 
sightings of these, with half of those determined to be 
outside of known range limits. Observations of another 
ten shark and ray species have also been submitted. In 
terms of the engagement objectives of Redmap, approxi- 
mately 50% of survey respondents said that Redmap had 
raised their awareness about the importance of marine 
climate change impacts, and nearly 80% indicated that 
Redmap had increased their awareness of how marine 
climate change may lead to shifts in the distribution of 
marine species (Nursey-Bray et al., 2018). Moreover, 
78% said they had discussed Redmap with others (i.e., 
transmission of knowledge was occurring). 

Creating awareness of Redmap and then maintain- 
ing communication and engagement over a large and 
dispersed potential audience have been challenging, par- 
ticularly on a relatively low budget given the temporal 
and spatial scales involved. Independent verification of 
the species identification of the observations submitted 
to Redmap is considered essential; however, scaling the 
collection and processing of species observational data 
to include all of Australia and over a longer duration pre- 
sented several challenges, including the following: 


e Governance of the project in a multijurisdictional 
environment 

¢« Timely management of potentially larger volumes 
of observations submitted by the public 

e Maximizing system efficiency and minimizing 
operational costs under financially constrained 
circumstances 

e Identifying species and managing information for 
species from across a large geographic area encom- 
passing both tropical and temperate zones on a large 
continent 


Many of these challenges were significantly reduced with 
the introduction of the semi-automated distribution of 
observations to the large network of verifying scientists. 


16.4 DESIGNING CITIZEN SCIENCE PROJECTS 
FOR SHARK AND RAY RESEARCH 


Integrating citizen science into research programs requires 
careful consideration and planning, especially so for marine- 
based projects that have particular requirements and limita- 
tions. Projects focusing on sharks and rays have additional 
factors that must be assessed. There are three main areas 
that require specific consideration: (1) scoping and planning, 
(2) implementation, and (3) working with communities. 
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16.4.1 Scoping and Planning 


Citizen science projects require thorough planning and con- 
sideration. Researchers should 


¢ Clearly identify and communicate the goals and specific 
research questions of the citizen science project and how 
the data will be managed, accessed, and used. 

e Assess the feasibility of citizen science to deliver data 
that meet the required spatiotemporal scale and resolu- 
tion to address project questions (e.g., data are fit for pur- 
pose); for example, consider whether the shark and ray 
species can be reliably identified. 

¢ Match data collection to the intended participants. 
Sampling tasks that are overly intensive, difficult, tech- 
nical, or strenuous (e.g., diving under difficult conditions 
to observe sharks) risk having low participation rates. 

¢ Determine if the research team has the capacity and 
capability the project may require. 

¢ Identify communities that may have the interest, capacity 
(amount of time and resources), and capability (aptitude 
and ability) to participate. Shark and ray research proj- 
ects will probably be focused on scuba divers, snorkelers, 
or anglers, so researchers need to understand the motiva- 
tions of these participants and aligned groups (e.g., PADI 
Project AWARE, fishing clubs) to design appropriate 
engagement activities and data collection tasks. 

¢ Identify the appropriate citizen science approach (con- 
tributory, collaborative, co-created) and plan for how to 
engage and maintain participants at the required level. 

¢ Identify whether similar projects and efforts already 
exist. If so, determine the feasibility of collaboration 
instead of beginning a separate program. Redundancy 
may cause confusion among participants and funders 
and can also create numerous, smaller, patchy datasets 
that limit the utility of the data (Bonney et al., 2014). 

¢ Plan the project’s legacy by identifying its intended time 
frame, the project fate, and succession if the project is 
intended to continue. If the project has a specific lifes- 
pan, researchers should have an exit strategy to ensure 
that the community is involved in the transition, espe- 
cially for projects that have high community investment 
and participation. 


It may be also be advantageous to limit the project to 
relatively modest goals at the outset to build success (Riesch 
and Potter, 2014), and then when relationships and under- 
standing are established explore more challenging research 
questions. If several different types of participants or 
communities are involved, researchers may also consider 
scaffolding the project so that participants can self-select 
different levels of engagement and participation based on 
their circumstances (Dickinson et al., 2010). Finally, to 
avoid creating false expectations, community engagement 
should only proceed when researchers have completed these 
planning and scoping steps. 
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16.4.2 Project Implementation 


For shark and ray citizen science projects to be successful, 
researchers need to make sure that the expectations and 
requirements of the community and intended data users are 
met. Researchers should ensure that participants remain 
engaged in collecting quality data that are fit for purpose by 


¢ Clearly communicating the project goals and objectives 
to participants and intended data users 

¢ Clearly describing the roles, responsibilities, and ben- 
efits received for each party in the project and clarifying 
data ownership and dissemination processes 

¢ Clearly documenting and implementing QA/QC pro- 
cesses (see Section 16.3.5) 

e Using appropriate technology to assist QA/QC, data col- 
lection, and data processing, as well as participant and 
community engagement 

¢ For shark and ray photograph identification projects, cre- 
ating the mechanisms to solicit, store, and disseminate 
contributed images 

¢ Ensuring participant health and safety by providing train- 
ing and support, especially if the project involves shark or 
ray species that could pose a risk of injury to participants 

¢ Coordinating efforts with existing aligned groups to 
share resources and information, coordinate activities, 
and avoid community consultation fatigue 

¢ Considering opportunities to make data identifiable and 
retrievable for the long term by archiving data within 
online data repositories (e.g., iNaturalist, Atlas of Living 
Australia). 


16.4.3 Working with Communities 


Implementing successful citizen science projects means 
working with individuals and their communities toward 
achieving shared goals on the basis of mutual understanding 
and trust. Researchers should remember to 


e Ensure that the most appropriate people are involved. 
Successful citizen science projects may have commu- 
nity champions who are fully engaged in the project and 
actively support and promote it within their community. 

¢ Consider involving key community leaders—specifi- 
cally, individuals who have legitimacy and wider com- 
munity support. These individuals may be identified by 
consulting with government agencies, industry groups, 
and non-governmental organizations to identify individ- 
uals who represent communities, and perhaps becoming 
familiar with community or industry publications to find 
out about existing community-based activities. 

¢ Work with honesty and integrity and implement previously 
described processes for communication and engagement, 
governance, and ethics. Keeping to these values will help 
build trust and good relationships between scientists and 
the community, essential components of successful citi- 
zen science projects (Theobald et al., 2015). 
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¢ Recognize that participants and communities may 
have different values, beliefs, and world views and that 
researchers need to consider and accommodate these 
views. For example, fishers may have a general distrust 
of science and conservation, so engaging fishers to col- 
lect data on sharks and rays may require respectful and 
sustained dialog to build trust and shared understanding. 


16.5 CONCLUSION: THE FUTURE 
OF CITIZEN SCIENCE 


It seems likely that citizen science will be an increasingly 
significant part of science and research into the future, with 
government policy and strategy already espousing the role 
of community-based scientists (Mackechnie et al., 2011; 
Pecl et al., 2015). Although the growth of shark and ray 
citizen science may be slowed due to logistical constraints, 
advances in technology are fast increasing the capabil- 
ity of citizen scientists to collect high-quality, robust data 
at massive scales (Newman et al., 2012). For example, the 
eBird project now receives over 5 million data reports per 
month and has generated close to 100 scientific publications 
(Bonney et al., 2014). Lower cost components and electron- 
ics are enabling citizen scientists to collect richer and more 
technical datasets that can be processed further (Raoult 
et al., 2016) and to rapidly collect data that was once only 
possible to obtain with highly specialized equipment. This 
enhanced capability can have immense community benefit 
in emergency response and management, as became evident 
with the Safecast project that allowed community members 
to monitor radiation following the Fukushima disaster (Azby 
et al., 2016). The availability of drones has created a new 
means of data collection (see Chapter 4 in this volume), and 
projects such as Open Reef in Florida and Belize are explor- 
ing the potential of volunteer drone operators in community 
geography and geographic information system (GIS) appli- 
cations. The Nature Conservancy is exploring the potential 
of community-based drone imagery to map flooding during 
El Nifio events. Furthermore, the Internet allows commu- 
nity members to access increasingly sophisticated datasets, 
and citizen science is now moving beyond research and into 
active compliance and management. The Global Fishing 
Watch project engages a global network of volunteers, who, 
together with machine-learning algorithms, monitor fishing 
vessel movement data sourced from vessel monitoring sys- 
tems to identify and flag suspicious vessel activity, such as 
potential fishing in no-take marine protected areas. In addi- 
tion to providing valuable data and information, these pro- 
grams enable ordinary people to participate in science and 
to be empowered with new knowledge, experiences, social 
networks, and awareness to drive positive changes in their 
respective communities. Given the power and potential of 
citizen science to collect large amounts of useful data and 
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the opportunities it provides to connect researchers and 
communities, it seems highly likely that citizen science will 
become an accepted, established, and mainstream method- 
ology used by contemporary scientists well into the future. 
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17.1. INTRODUCTION: INCORPORATING 
THE SOCIAL DIMENSION INTO SHARK 
MANAGEMENT AND CONSERVATION 


Meeting the needs of people while sustaining ecosystems 
and the benefits they deliver is a global challenge. Coastal 
marine systems present a particularly important case, given 
that over half of the world’s population lives within 100 km 
of the ocean, and fisheries provide the primary source of pro- 
tein for over a billion people worldwide (Leslie et al., 2015). 
Sharks and rays play important roles in many of these fisher- 
ies and coastal communities, as not only do they provide food 
and income but they can also have strong social and cultural 
value (Dulvy et al., 2017). However, pressures on sharks and 
rays from fishing, habitat loss, and other factors are increas- 
ing, resulting in global declines in some species and raising 
concerns that up to a quarter of the world’s sharks and rays 
are threatened with extinction (Dulvy et al., 2008). 

At a time when many shark and ray species are expe- 
riencing ongoing population declines from these growing 
pressures, the need to engage in research that bridges the 
human-shark interface to better inform conservation and 
fisheries management and policy is becoming increasingly 
recognized (Jacques, 2010; Simpfendorfer et al., 2011). With 
the possible exception of work related to “shark attacks” on 
humans, social science research that focuses on sharks has 
not kept pace with biophysical science, despite knowledge 
that understanding people is pivotal to effective natural 
resource management (Gutiérrez et al., 2011; Reid, 2016; 
Twyman, 2017). 

It is acknowledged that the majority of shark fishing and 
mortality occur in developing countries, where there may 
not be adequate fisheries data, legislation, or even capacity 
for management plans to be considered (Dulvy et al., 2014). 
Regardless of location, the management of shark resources 
must incorporate different management strategies that are 
tailored to local social, cultural, and economic circum- 
stances. These management strategies could include meth- 
ods to improve the global regulation of fisheries and ways 
to improve global conservation ethics and encourage active 
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community participation in management, in addition to 
identifying ways to maximize adoption of specific manage- 
ment strategies (Barker and Schluessel, 2005). Whatever the 
desired outcome, the social science required to inform these 
management decisions plays a critical part in ensuring that 
they are relevant and appropriate to the country and context 
in which they are implemented. 

In this chapter, we showcase key social science meth- 
ods that, if used in combination with biophysical science 
research, could support a holistic approach to improving 
outcomes of shark conservation and management. This 
approach centers around the concept of livelihood, which 
is central to the shark—human interface and reflects people’s 
capabilities and means of living, including food, income, 
and assets (Chambers and Conway, 1992). The livelihood 
concept encompasses all aspects of shark use by humans, 
including fishing (including finning), recreation, and cul- 
ture. The concept of sustainable livelihoods is particularly 
relevant to poverty alleviation in fishery-dependent commu- 
nities (Blythe, 2015), which may contribute to shark declines 
from fishing. 

The need to balance sustainable livelihoods and shark 
conservation should be central to the emerging efforts to inte- 
grate social science research into the shark research agenda. 
Social—ecological approaches that address conservation 
and management (e.g., those that recognize the inextricable 
links and feedbacks between social and ecological systems) 
are increasingly prevalent in the broader fisheries literature 
(Cinner et al., 2012; McClanahan et al., 2009; Ostrom, 2009; 
Pollnac et al., 2010), as is research related to the concept of 
sustainable livelihoods (Blythe, 2015; Pomeroy et al., 2017). 
Surprisingly, for the most part, livelihood-based research 
approaches have yet to find their way into broader shark and 
ray research and conservation. Instead, when social dimen- 
sions are addressed, they are often presented as conflicting 
with biodiversity goals, with relatively few case studies being 
provided to present the potential for synergies between the 
two areas (Persha et al., 2011). Potential exceptions to this 
conflict exist within the shark tourism literature, where sev- 
eral studies suggest that tourism can be a vehicle for shark 
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conservation (Gallagher and Hammerschlag, 2011; Topelko 
and Dearden, 2005; Vianna et al., 2012). In this chapter, we 
present methodological approaches that will help to iden- 
tify ways to balance livelihoods and shark conservation 
outcomes. We also examine how conservation and liveli- 
hood issues play out in real-world examples with a detailed 
examination of social science methods used to investigate 
shark fishing and finning in Indonesia (see Case Study | in 
Section 17.6). 

The cultural significance of sharks and rays and its role 
in achieving conservation outcomes is an important consid- 
eration not only for social scientists but also for biophysi- 
cal scientists, managers, and policymakers. This is partially 
because of the important cultural values expressed by 
people for sharks and rays, but also because working with 
indigenous peoples regarding cultural values and indigenous 
knowledge evokes complex ethical considerations regarding 
intellectual property rights of knowledge (and its use) (see 
Case Study 2 in Section 17.6). 

Whether we are speaking about livelihood attributes or 
cultural considerations, there is no contention that a single 
feature operates in isolation. Social, ecological, and cul- 
tural systems all intertwine, with dependencies, linkages, 
and influences found in some of the most unusual places; 
for example, see Mills et al. (2011), who found that suc- 
cessful poverty interventions in fishing communities may 
not be linked primarily to fish resources but to other more 
fundamental sources (e.g., access to farmland, treatment 
of waterborne disease). It is through this multifaceted lens 
that we acknowledge that systems of people and nature are 
linked, emphasizing that humans must be seen as a part of, 
not apart from, the shark management agenda. We recom- 
mend a much greater consideration for and integration of 
social science in shark and ray research and conservation. 
This poses a challenge for project funders and research team 
leaders, as a broad scope of social science disciplines and 
methods may be applicable. 


17.2. SHARK SOCIAL SCIENCE OVERVIEW 
17.2.1 Types of Social Science Research 


This section provides a basic overview of what social sci- 
ence is—the theories that underpin it, the methods that are 
often used—and why it is critical that teams seeking to con- 
duct research that delivers tangible benefits for shark and 
ray conservation or management must consider including a 
social scientist in projects. Social scientists study all aspects 
of society, from historical events and accomplishments to 
human behaviors and relationships among groups. Through 
their studies and analyses they offer insight into the physi- 
cal, social, and cultural development of humans, as well 
as the links between human activity and the environment 
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(Aswani and Hamilton, 2004; Ban et al., 2013; Kittinger et 
al., 2013). The greater the linkage between humans and nat- 
ural resources (such as sharks), the more incentive users and 
management have to maintain not only ecosystem integrity 
but also productivity (Salafsky and Wollenberg, 2000). 

Social science draws on multiple disciplines, theoreti- 
cal perspectives, and methodological approaches. Just as in 
the biophysical sciences, the social sciences are extremely 
diverse, and it is useful to understand and capitalize on this 
diversity when designing and implementing social science 
research. Both the classic and applied social sciences are 
used to study a range of occurrences produced by social phe- 
nomena, processes, or individual attributes (Bennett et al., 
2017). To illustrate a small section of the social science field, 
some of the classic and applied social science disciplines are 
illustrated in Figure 17.1, which shows the range of social 
attributes that can be explored through qualitative and quan- 
titative research studies. Whether a classic or applied social 
science perspective is chosen, they both tend to concentrate 
on social phenomena, social processes, or individual attri- 
butes. The complexity and breadth of the social science field 
mean that there is often overlap between these areas and it is 
rare that social scientists focus on only one area. 


17.2.2 Understanding the Theoretical 
Foundations of Social Science 


The development of good social research depends on paying 
attention to certain theoretical foundations. If such factors 
are ignored or overlooked, the research will be open to criti- 
cism, and serious questions may be raised about the quality 
of the findings. It is important to recognize that there is no 
single, accepted approach to social science research. Indeed, 
how researchers approach research problems depends on a 
range of factors, including the basic set of beliefs that guide 
actions (i.e., philosophical perspectives) (Guba and Lincoln, 
1994); beliefs about the nature of the world and what can 
be known about it (ontology); the nature of knowledge and 
how it can be acquired (epistemology); and the purposes and 
goals of the research (Ormston et al., 2014). In addition to 
this, social scientists must also consider the characteristics 
of the research participants, the audience for the research, 
the funders of the research, and the position and environ- 
ment of the researchers themselves as they develop their 
methods for answering the project questions (Ormston et al., 
2014; Ritchie et al., 2013). 

All scientists (social and biophysical) base their research 
on a philosophical approach that provides the context and 
boundaries within which data collection and analysis tech- 
niques should be selected. A philosophical perspective— 
also called paradigm (Kuhn, 1970) or world view (Creswell 
and Poth, 2017)—is something personal that drives the way 
research is conducted and influences how a researcher cre- 
ates knowledge and derives meaning from the data. 
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Figure 17.1 The social sciences and related topics of study. (Adapted from Bennett, N.J. et al., Biol. Conserv., 205, 93-108, 2017.) 


Perhaps one of the most significant differences between 
the social sciences and biophysical sciences is the diver- 
sity of philosophical assumptions that can be selected to 
underpin social research. The biophysical sciences tend 
to be dominated by a single philosophy known as positiv- 
ism. Positivism is based on the belief that only knowledge 
gained through the scientific method via unprejudiced use 
of the senses can be accurate and true (Comte, 1975), but 
Huff (1984) explained that a cause-and-effect type of ques- 
tion in which certain variables are predicted to explain an 
outcome (positivist approach) is different from an explo- 
ration of a single phenomenon, as can be found in social 
science research. Take, for example, the philosophical 
approach of postmodernism, which basically exists at the 
opposite end of the spectrum from positivism. The under- 
lying premise of postmodernism is that no definite terms, 
boundaries, or absolute truths exist, and it might not be 
possible to arrive at any conclusive definition of reality 
(Smircich and Calas, 1987). 

Although some of us may view the descriptions and 
records of scientists undertaking positivist-based research 
as objectively true or false (in principle), the postmodern 
viewpoint, which follows from the rejection of an objective 
natural reality, can be expressed as “there is no such thing 
as truth.” With such philosophical extremes present in the 
field of social science, scientists tend to find a balance that 
works for the area of research that they are in or embraces 
a number of philosophical perspectives. However, to clearly 
understand the outcomes of the social research being pre- 
sented, some explanation of the theoretical foundations 
being applied must be provided. 


Saunders et al. (2007) developed a model to illustrate 
the different stages that people move through when develop- 
ing a research strategy that helps consolidate their thinking 
regarding a methodological approach. The process is dia- 
grammatically represented as a research “onion” (Figure 
17.2). Researchers begin at the outside layer (containing 
the researcher’s philosophical perspectives) and then move 
through each layer, deciding on each attribute that will ulti- 
mately make up their research methodology. There are no 
fixed or linear relationships among philosophical approaches 
and research strategies, approaches, timelines, etc., so the 
different methodologies that emerge can be unique to each 
researcher or even project. It is through these different disci- 
plinary perspectives that particular social science areas find 
their strengths and establish their thinking. 

So, what are the philosophical orientations and assump- 
tions made by researchers when they undertake a social 
science study? To help explain how research philosophy par- 
adigms can drive research questions, Table 17.1 illustrates 
how these paradigms or world views are matched with a 
type of research question that might be asked in the realm of 
shark science. Although a large number of examples are pro- 
vided, they are by no means the only paradigms on which 
social science research is based. Also, it is quite common 
for large research project to span a number of paradigms 
and have questions and analysis grouped into areas. For 
example, a positivist approach may support the first part of 
a research project where researchers are trying to ascertain 
the demographics of a shark fishing community, but then a 
constructivist approach might be applied to provide a basis 
for understanding the motivation of fishers to target sharks. 
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Figure 17.2 Different layers that compose a research methodology (Adapted from Saunders, M. et al., Research Methods for Business 


Students, 6th ed., Pearson Education, London, 2007.) 


17.2.3. How Social Science Research 
Can Contribute to the Shark 
Research Knowledge Base 


The field of social science is so incredibly diverse that it is 
not feasible to list every potential application and benefit to 
shark and ray research and conservation. However, by apply- 
ing a social—ecological viewpoint that focuses on livelihood 
and cultural attributes, we highlight six potential applica- 
tions of social science aimed at improving the shark research 
knowledge base and its potential to contribute to policy, leg- 
islation, and management. These six applications show how 
social science provides the means to unpack environmental 
and sustainability issues to see what they are about or what 
lies inside and to explore how they are understood by those 
connected with them. 


17.2.3.1 Social Science Can Identify and 
Examine Relationships and Trends 
Among Social and Ecological Factors 


Publicly available data such as population statistics and 
information derived from community surveys can be used 
to create social, economic, or demographic variables at a 
variety of spatial scales (e.g., country, state, community) 
and data formats (e.g., scale, ordinal, categorical, binomial, 


spatial). These social data can be included in conceptual or 
quantitative models with biophysical data to explore research 
questions such as the following: 


e« Which socioeconomic and cultural factors are most 
likely to influence shark conservation or fisheries man- 
agement outcomes? 

¢ What is the value of shark meat to food security and 
what is the resulting impact on shark populations? 

e Is there any link between the use of indigenous knowl- 
edge in conservation planning and positive species man- 
agement outcomes? 


17.2.3.2 Social Science Provides the Means 
to Analyze Values, Attitudes, and 
Perceptions Related to Sharks 
and Their Management 


This area is of particular interest to conservation and man- 
agement practitioners, as values, attitudes, beliefs, and per- 
ceptions guide and influence human behavior. Attitude-based 
research may focus either on general values or on very spe- 
cific management issues. How people perceive issues about 
sharks or fishing or conservation measures can be critically 
important to the effective implementation of any manage- 
ment plans (Agardy, 2000; Hilborn, 2007). Some examples 
of research questions for this area include the following: 
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Table 17.1 Examples of Philosophical Perspectives Encountered in the Field of Social Science 

Philosophical 

Orientation Description and Assumptions That Researchers May Make Example Research Questions 
1 Positivist Natural science method (posit, observe, derive logical truths) What are the demographic features 


Assumption: Only knowledge gained through the scientific method 
through unprejudiced use of the senses is accurate and true. 


Researchers view inquiry as a series of logically related steps, believe in 
multiple perspectives from participants rather than a single reality, and 
use rigorous methods of qualitative data collection and analysis. 

Assumption: There is no strict cause-and-effect relationship but every 
cause and effect is a probability that may or may not occur. 


Elements of human culture must be understood by way of their 
relationship to a larger, overarching system or structure. Research 
based on this philosophy works to uncover the structures that underlie 
all the things that people do, think, feel, and perceive. 

Assumption: When a systematic structure of social classes and 
relationships has been ascertained (through understanding objects, 
concepts, ideas, and words as they relate to one another), then it is 
possible to generalize the knowledge and apply it to all aspects of 
human culture. 


Seeks to understand the world in which people live and work: They 
develop subjective meanings of their experiences—meanings directed 
toward certain objects of things. There can be many meanings, and 
researchers in this area will look for the complexity of views rather than 
try to narrow the meanings into a few categories of ideas. 

Assumption: Individuals frame problems in their own way and these 
differences must be understood to evaluate the system. 


Interpretive theories are orientations to social reality based on the goal 
of understanding. It is more accepting of free will and sees human 
behavior as the outcome of the subjective interpretation of the 
environment. Interpretations of reality are generally derived from a 
cultural and historical base. Two focused examples of interpretivism are 
phenomenology and symbolic interactions. 


Phenomenology is the study of structures of experience, or 
consciousness. It literally means the study of phenomena: the 
appearance of things (or things as they appear in our experience) or 
the way we experience things and what that means. 

Assumption: Researchers can put aside their own systems of meaning 
(or reality) and interpret what is currently happening and thus give rise 
to a new revitalized or enhanced meaning of the phenomenon. 


2 Post-positivism 


3 Structuralism 


4 Constructivism 


5 Interpretivism 


5a Phenomenology 


of a community where shark fishing 
occurs? 


What is the economic benefit that 
shark finning provides to 
communities in Melanesia? 


What is the purpose of the (social) 
structural relationships within this 
community (e.g., social classes, 
governments), and how do they 
influence shark fishing practices 
here and elsewhere? 


What currently motivates individuals 
in this community to fish for 
sharks? 


Why do people fish for sharks? 


¢ What sociocultural values do locals associate with sharks 
and how do these influence their behavior toward sharks? 

¢ What value do tourists place on sharks and how can this 
be translated into local support for conservation? 

¢ What are the drivers of noncompliance with shark-related 
regulations (e.g., ban on shark finning, gear regulations)? 


17.2.3.3 Social Scientists Can Determine Which 
Actions Lead to Effective Programs, 
Policies, or Services by Describing and 
Evaluating Decision-Making Processes 


Having a better understanding of decision-making processes 
helps managers and planners avoid negative outcomes and 
focus on the developments that are likely to succeed. This 
could be applicable in the realm of marine park planning for 
shark conservation. Marine protected areas for sharks are 
a type of management tool that is beginning to see uptake 
around the world; however, the planning and development 
of marine parks designed for shark conservation are heavily 
influenced by the available biological and movement data 


of shark species (Knip et al., 2012; White et al., 2017). A 
large gap in the research and management agenda appears 
to be the human dimensions associated with developing and 
implementing effective shark conservation approaches. This 
kind of research can examine the many different social per- 
spectives and decision-making processes held by different 
stakeholders, allowing concepts of equity, legitimacy, effec- 
tiveness, and satisfaction to be analyzed from the perspec- 
tive of different communities and industries, stakeholders, 
legislators, and the wider public (Bennett, 2016; Bennett et 
al., 2017). This knowledge can ensure that approaches used 
to develop, plan, and implement marine parks or other regu- 
lations are appropriate for the surrounding communities and 
hence effective in achieving their intended outcomes. When 
looking at this from a social perspective, the types of issues 
that could be researched include the following: 


¢« What are the most effective ways to involve local com- 
munities in the planning and establishment of protected 
areas? Does this lead to an increase in local support and 
compliance? 
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Table 17.1 (continued) Examples of Philosophical Perspectives Encountered in the Field of Social Science 


Philosophical 
Orientation Description and Assumptions That Researchers May Make Example Research Questions 
5b = Symbolic The symbolic interactions approach investigates society by addressing How do different individuals’ 
interactions the subjective meanings that people impose on objects, events, and descriptions, definitions, and 
behaviors. metaphors of the sharks affect 
Assumption: The meaning of objects arises out of social interaction fishing outcomes in this community 
(language) between people, and people interact with and interpret (e.g., are the sharks considered 
objects based on that. People are conscious of how they interact and part of the ocean ecosystem or are 
can change their behaviors. they considered a resource)? 
6 Critical theory Critical theory perspectives are concerned with empowering human _— 


6a 


6b 


6c 


Note: 


Emancipatory 


Advocacy/ 


participatory 


Feminism 


Postmodernism 


beings to surpass the constraints placed on them by race, class, and 
gender. Critical theory can have areas of specialty, as well. The three 
main specialties are emancipatory, advocacy/participatory, and 
feminism. 


The subjects of social inquiry should be empowered. 

Assumption: The researcher wants to establish a mutual 
interdependence among the research participants and to transform 
structures that exploit people. 


This approach to research in communities emphasizes participation and 
action. It seeks to understand the world by trying to change it 
collaboratively and following reflection. 

Assumption: Collaborating with people in the community rather than 
conducting research may create an agenda for active change or 
political reform. 


Feminism aims to understand the nature of gender inequality. It 
examines women’s and men’s social roles, experience, interests, 
chores, and feminist politics in a variety of fields. 

Assumption: There is a belief that shark fishing is a male-dominated 
activity and reflects a patriarchal world view and culture. 


Postmodernistic approaches dispute the underlying assumptions of 
mainstream social science and tend to be orientated more toward 
cultural critique (Rosenau, 1991). 

Assumption: Approaches to generating knowledge should be done with 
skepticism, and research should scrutinize, contest, deconstruct, and 
make visible the (invisible) origins, assumptions, and effects of 
meaning. 


How can we ensure that the 
community shares in the benefits of 
shark fishing or alternatives to 
fishing? 

How can we garner support and 
develop effective governance 
structures to enable sustainable 
livelihoods in this community? 


Does examining shark fishing from a 
feminist perspective offer 
alternative understandings of the 
dynamics and power relations 
among and between stakeholders? 


Why is it assumed that fishing is a 
problem? 


Having example questions matched against individual philosophies is quite arbitrary, and, as social scientists will quickly point out, 
many researchers do not necessarily operate under a single paradigm. This table has been included to show (in a simple form) how 
the philosophical orientation may drive the way a research question is presented. 


What makes some public involvement processes succeed? 
Are there cultural considerations that need to be incor- 
porated into decision-making processes that would pro- 
vide better social and environmental outcomes? 

What level of satisfaction is there with the marine park 
consultation process? 


17.2.3.4 Social Science Can Investigate 


Questions regarding social equity can be approached from 
high-level spatial scales (e.g., country or region) but will 


Within a community, are there gender differences in 
fishing practices? 

Why are specific social groups marginalized in a 
community? 

How do gender issues affect community decision-mak- 
ing and consultation processes? 

How might inequality within a community be addressed? 
How does inequality affect the intended outcomes of 
shark conservation or management? 


Inequality and Facilitate the Application 


of More Socially Equitable Processes to 


Conservation and Fishery Management 


17.2.3.5 Social Science Contributes 


to Understanding Different 


more often be addressed at a more focused scale (e.g., com- 


munity or group level), especially when exploring gender 
issues or indigenous studies. Questions could include the 


following: 


Are fishing resources shared or accessed equally by 
community members? 


Knowledge Systems, Cultures, 
and Alternative Value Systems 


Social scientists can work with indigenous fishers and 
coastal communities to understand a wide range of issues 


that are related to sharks and rays. Knowing which resource 
management arrangements function well within cultural and 


belief systems can be important for resource sustainability 
or community cohesion. For example, religious beliefs may 
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provide proxy conservation protection for sharks in some 
parts of the Solomon Islands (Hylton et al., 2017), while 
indigenous knowledge systems may provide crucial insights 
about designing effective conservation or management plans 
based on cultural values attributed to sharks (Nirmale et al., 
2007). Questions that could be explored in this area include 
the following: 


¢ What is the existence value of a species (e.g., culturally 
significant, perhaps endangered)? 

¢ What are the customary management systems in place 
for subsistence fishing in coastal communities? 

¢ What contributions can indigenous knowledge have for 
the conservation of a shark species? 


17.2.4 Social and Economic Impacts 


Fishing and other livelihood means are often considered in 
terms of social and economic impact, and this is perhaps one 
area that people may look to first when considering shark 
management and conservation. Studies in this area could 
examine the impacts and consequences of management 
actions or economic investment activities on the social or 
economic fabric of a community or region (see Case Study 
1 in Section 17.6). This research area may include the com- 
pilation of community profiles that document social indica- 
tors such as gender, age, income level, livelihood diversity, 
education, mobility, and debt. Social impact questions could 
include the following: 


¢ What are the effects of implementing a marine protected 
area for sharks on the socioeconomic situation of a com- 
munity or region that participates in shark fishing? 

¢ If alternative fishing practices were introduced to a com- 
munity, what are the effects to livelihood factors? 


Economic impact questions may include the following: 


¢ What are the economic impacts on small coastal com- 
munities from collapsed or closed shark fisheries? 

e What are the predicted economic impacts of a legislative 
change that bans all exports of shark fin? 

¢ How does access to markets influence people’s engage- 
ment in illegal shark fishing? 


17.3. SOCIAL SCIENCE PLANNING 
AND RESEARCH DESIGN 
17.3.1 Special Considerations for Social 
Science Methodologies 


In addition to standard scientific procedures related to per- 
mits, sampling, experimental design, and data management 
(including storage), social scientists have other idiosyncratic 
considerations to take into account. These include ethical 
implications specific to working with people (see Section 
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17.5), gaining support and access to communities, language 
and literacy considerations, adhering to cultural protocols, 
and other more subtle but important social and cultural fac- 
tors (Creswell and Poth, 2017). Unlike many other types 
of science, social scientists are direct participants in their 
research and also act as the primary data collection and pro- 
cessing tool. In many types of projects, social scientists live 
the research experience, and this can make handling subjec- 
tivity particularly challenging. To address the challenges of 
social science, various research design criteria are available 
to help navigate these complexities. 


17.3.2 Defining Research Questions 


When projects are generated by the researchers themselves, 
defining the research questions may involve an initial idea 
or topic. But, as researchers on multidisciplinary teams, 
social scientists might have existing problems or situations 
presented to them (e.g., overfishing of sharks in the region) 
and the specific questions for the study may emerge through 
an iterative process. In this situation, it helps to have a good 
sense of the issues that the research topic involves and to be 
clear how new questions build on, and might add to, previ- 
ous research. Although research might start out with specific 
questions and data collection plans, the relationship between 
social science design, data, and theory should be considered 
to be multidirectional (Ritchie et al., 2013). 

It is important to develop clear and unambiguous ques- 
tions, but it is also essential that the questions can feasibly 
be answered through data collection, can be addressed given 
the resources that are available, and are informed by existing 
research or theory (with the potential to fill any knowledge 
gaps). Even though it might particularly relate to participa- 
tory action research (PAR), which is a form of self-reflective 
inquiry that researchers and participants undertake together 
in order to understand not only the situations they are in 
but also the processes that they participate in (Baum et al., 
2006), much benefit can be gained from working with a 
community or stakeholder group to have them included in 
a research project from the earliest stages, including in the 
development of the questions. It is through this collaborative 
approach that scientists are able to gauge what is important 
to people (or not) and establish what is important to ask. 
It also minimizes the risk that a researcher will impose a 
world view that is irrelevant or inappropriate to the cultural 
context in which they are working. 


17.3.3 Understanding Research Settings 
and Fieldwork Requirements 


Fieldwork, as a part of social science research, usually involves 
interacting with or observing people (as the subject of that 
research). It is a dynamic process where there is an exchange 
among the researchers, participants, stakeholders, gatekeep- 
ers, community, and larger sociopolitical context in which the 


SOCIAL SCIENCE AND ITS APPLICATION TO THE STUDIES OF SHARK BIOLOGY 


research problem is located. This may not always be the case, 
though. In studies that are looking at people’s perspectives 
or opinions, especially at a large scale, the data collection 
methods may involve no physical contact with people but may 
instead require online or phone surveys to be undertaken to 
collect both demographic and perspective information. 

Of course, fieldwork for all researchers will be very dif- 
ferent, but the thinking and planning invested in this process 
are reasonably consistent. There are lists to make, equipment 
to gather, travel to book, and people to liaise with. Time, bud- 
getary, and other resource constraints all must be considered 
as part of the research design, as do the data collection meth- 
ods and the staff or volunteers available to the project. 

A good place to begin when establishing the context of a 
research setting is to consider what permissions are required 
to work there. Those permissions might have to run across 
multiple levels and can take a long time to get through, so 
appropriate time and scope must be allowed for this step. 
In Australia, for example, if research involves conducting 
surveys with fishers along the east coast, university human 
ethics approval must be in place before data collection can 
commence. This single permission contrasts with the mul- 
tiple permissions that one may need in order to conduct very 
similar surveys in Papua New Guinea (PNG). Along with 
human ethics approval, researchers may also need PNG gov- 
ernment research permits and local community permission 
from the village chief or elder (that is, before permission is 
sought from potential interview or survey participants). 

Having to gain permission from multiple levels of gov- 
ernance (e.g., university, country, community, indigenous 
group) is becoming common practice in today’s research 
environment and free prior-informed consent is taken very 
seriously by ethics committees, legal practitioners, and pub- 
lishers. If researchers are not familiar with their fieldwork 
location, it pays to discuss the practicalities of working in 
locations with people who have done similar work in that 
space, or—if that is not possible—planning for a scoping 
trip to introduce yourself and look at the conditions that will 
be encountered is definitely beneficial. 

Many location-based questions must be asked, and here 
are some of the key factors that have come up based on our 
collective experiences: 


e Is it safe? Can individual researchers go into places by 
themselves and undertake ethnographic-styled observa- 
tions, or would it be more appropriate to take a team and 
plan for different data collection tools? Look around at 
the political and security climate of the area—should 
researchers be going there at all? 

¢ What amenities are there? Are the only accommodation 
options provided by community members, or are hotels 
available? Where would food be purchased? Is money 
accepted as a payment method? 

e Is it necessary to have a gender-balanced team to speak 
to men and women in the community? This must be con- 
sidered from both a custom point of view (women may 
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not be allowed to talk to non-family males) or from a 
topic point of view (hunting may be viewed as a male- 
only activity and cannot be discussed in front of women). 

e Are there language barriers? Are interpreters necessary? 

e What are the cultural customs that researchers should be 
familiar with before entering a community? They may 
be obvious, such as clothing protocols in Muslim coun- 
tries, or less obvious, such as not asking a man where the 
toilet is in the Solomon Islands or blowing one’s nose in 
Indonesia. 


17.3.4 Fieldwork Strategies 


How researchers undertake field work is very much influ- 
enced by the information gathered from the research setting 
(see above), as well as all the other aspects of research that 
everyone has to deal with (money, time, scope, etc.). Scientists 
across any domain will encounter the practical consider- 
ations of actually getting out and collecting data; however, the 
importance of the human relationships that are established as 
part of the research process heavily influences the success (or 
failure) of social research and cannot be underestimated. Here 
are some of the on-ground considerations that social scientists 
must work through to conduct their research: 


¢ With regard to access and field trip length, a lot of 
applied social science research is dependent on the rela- 
tionships that can be formed with the local community, 
so it is important to factor in multiple trips (if possible). 
Initial travel may consist of a scoping trip to introduce 
the research team and request community permission 
to conduct research, but some trips may require longer 
field stays to gain people’s trust, to encourage better par- 
ticipation. It is good to allocate extra time to train local 
research assistants and to plan return trips to give back 
the results to the community. 

¢ Time allowed must reflect the sample generation 
approach (see Section 17.4.5 for sampling), such as the 
likely duration of interviews and group discussions. 

e Some of the data collection methods for social science 
require working in pairs, so it is important to consider, 
for example, management of research assistants and vol- 
unteers, as well as the training required for everyone to 
be consistent in their data collection approaches. 

¢ Debriefing of research team and liaising with any local 
team members that need extra time for training or lan- 
guage interpretation should be planned for. 

¢ The scope for integrating early analysis with later field- 
work should be determined. 

¢ Pilot testing is an often overlooked but extremely impor- 
tant part of the research process. It helps detect poten- 
tial problems in research design or instrumentation (e.g., 
whether the questions asked are intelligible to the tar- 
geted sample) and ensures that the data collection tools 
used in the study are reliable and valid measures of the 
constructs of interest (Bhattacherjee, 2012). How people 
interpret the question both linguistically and culturally 
(how they react to it) is really critical, and such testing 
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allows researchers to determine if any questions gener- 
ate unwanted reactions or suspicions. 

¢ With regard to transcribing, if data (notes) are collected 
via video or audio, then those words need to be typed up. 
Adequate time must be allocated for this task, and the 
complexity of the job increases when the responses must 
be translated and transcribed. 

¢ It is necessary to find and work with gatekeepers (i.e., 
the people you need to keep onside to maintain commu- 
nication between you and your subjects). The challenge 
in working with gatekeepers is maintaining neutrality 
and ensuring that you do not accidentally align with 
people or organizations that would alienate you from 
certain other groups in the community. It is essential to 
be objective as possible and not push any agenda or per- 
spective on people. This is difficult when you are trying 
to be open and ask people to trust you. 

¢ Continuing on from gatekeepers, do you need a cultural 
broker or project champion—someone from the location 
where you are doing research who can introduce you, 
speak for your credibility, and encourage participation? 
Relationships enable fieldwork. Multiple relationships 
can be developed with a wide range of stakeholders: 
non-governmental organizations, academics, commu- 
nity members, politicians, translators, friends—the list 
goes on. This can be a critical feature of your research 
setup if things begin to go wrong (e.g., rumors are gen- 
erated about your intentions, conflicts arise related to 
the project). 

¢ How the research will be shared with the people or com- 
munity involved should be considered. 


17.4 DATA TYPES AND DATA 
COLLECTION METHODS 


The domain of social science is commonly linked with the 
production of qualitative data; however, quantitative data 
have an equally valid role in this space and can be espe- 
cially useful when applying a mixed-methods approach 
(use of multiple methods to data collection) to the research 
questions. A researcher needs to decide what data will best 
answer the question and look for the contextually appropri- 
ate data collection methods during the planning phase of the 
research. Table 17.2 provides a brief overview of the features 
of quantitative and qualitative data types, including a list of 
commonly used tools that are associated with data collection. 


Table 17.2 Quantitative and Qualitative Data Types 
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17.4.1. Quantitative Data in Social Science 
Quantitative social science data are useful because they can 
be analyzed statistically. This allows for detection and moni- 
toring of trends across large samples at multiple scales (e.g., 
individuals, households, communities, regions). Similarly, 
quantitative social science data can be analyzed or modeled 
in conjunction with ecological data, thus gaining insight 
into the feedbacks between social and ecological systems. 
Quantitative social science data can range from ratio to 
ordinal scales. Ratio or continuous data can represent demo- 
graphic trends (e.g., age, population), whereas ordinal scales 
are generally used to capture people’s beliefs and percep- 
tions related to different aspects of their lives. Ordinal scales 
are numeric, but because the distance between each unit is 
subjective and may vary among respondents—for example, 
on a scale of | (strongly disagree) to 10 (strongly agree), how 
much do you agree with the statement that sharks are declin- 
ing in the waters surrounding your community)—they must 
be analyzed using nonparametric statistical approaches. 
Such approaches can also accommodate categorical vari- 
ables (e.g., five discrete categories of fishing gears affect- 
ing sharks) or dichotomous variables (e.g., yes/no, present/ 
absent), which means that multiple scales of social science 
data can be analyzed quantitatively. 

As mentioned previously, an enduring feature of quan- 
titative methods comes from its replicability and its ability 
to illustrate broader trends (Spoon, 2014). For example, the 
use of quantitative surveys to determine the support of Costa 
Rican fishermen for conservation measures toward sharks 
found that almost all surveyed fishermen (97%) would be 
willing to support shark conservation. However, their sup- 
port decreased to 67% if their current fishing practices were 
impacted by any conservation measures. Interestingly, a 
large number (86%) of fishermen indicated they would be 
willing to potentially support shark conservation if fishing 
communities were included in the overall decision-making 
process (O’Bryhim et al., 2016). Conversely, quantitative 
methods can have limited depth because of their quantified, 
positivist approach. Variables must be reduced to measur- 
able units, which can simplify or misinterpret the dynamics 
of cultural phenomena without proper context; thus, qualita- 
tive methods may offer a more flexible option to inductively 
explore a knowledge domain or practice (Spoon, 2014). 


Quantitative Data 


Qualitative Data 


Numerical data or data that can be transformed into usable statistics; the data 
are used to quantify attitudes, opinions, behaviors, demographics, economic 
trends, etc. Measurable data are used to test or develop hypotheses, identify 
trends and patterns, make comparisons or correlations among social groups, 


test dependent variables against a set of independent variables. 


Tools—Quantitative data collection methods are usually much more structured 
than those for qualitative data (e.g., population and sample surveys, online 
polls, systematic observations, experiments, longitudinal studies, website 


interceptors) 


Data are used to gain an understanding of underlying 
drivers and motivations of behavior, to uncover 
trends in thought and opinion, and to delve deeper 
into the problem. 


Tools—A variety of unstructured or semi-structured 
techniques are used (e.g., semi-structured and 
open-ended interviews, life histories, focus groups, 
participant observation, content analysis) 
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17.4.2 Understanding Qualitative Data 


Social science research is often referred to as “qualitative 
research” due to the predilection of scientists to use qualita- 
tive methods. Approaches to collecting qualitative data can 
be divided into two very broad groups: those that focus on 
data that already exists (naturally occurring) and those that 
generate data through the research process (generated data). 


17.4.2.1 Naturally Occurring 


Naturally occurring data are what happens in the world 
without any kind of researcher intervention (e.g., they are 
not dependent on a researcher asking questions or orga- 
nizing a focus group). The methods can be applied when 
behaviors and interactions of people must be understood 
in real-world contexts, which can be particularly useful in 
research hoping to understand a particular culture or com- 
munity and the governance, customs, or rules that exist 
there. The main methods involved in working with natu- 
rally occurring data are observation, participant obser- 
vation (where the researcher takes part in the group or 
community to record actions, interactions, and events that 
occur), document analysis, conversation analysis, and dis- 
course analysis. 


17.4.2.2 Generated Data 


Generated data give insight into people’s own perspectives 
on and interpretation of their beliefs and behaviors—and, 
most importantly, an understanding of the meaning that 
they attach to them. Generated data are required in an 
assortment of research settings, partly because they provide 
the only means of understanding things such as motiva- 
tions, beliefs, and decision processes, but also because they 
allow participants’ reflections on, and understanding of, 
social phenomena to be documented. Numerous qualitative 
methods generate data. They include, but are not limited 
to, biographical methods, which can cover a large range of 
material, both written and spoken, including life and oral 
histories, biographical accounts, and documents from peo- 
ples’ lives; interviews (semi-structured, open ended); and 
focus or discussion groups. 


17.4.3. Combining Qualitative and 
Quantitative Methods 


Mixed-methods research is a methodology for conducting 
research that involves collecting, analyzing, and integrat- 
ing both quantitative and qualitative data. Qualitative- and 
quantitative-based research should not be seen as compet- 
ing and contradictory, but rather as complementary strate- 
gies appropriate to different types of research questions or 
issues (Ritchie et al., 2013). It can be a useful approach to 
research when a scientist requires a deeper understanding 
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of the phenomenon, while accounting for the weakness of 
any single method (Ritchie et al., 2013). Mixed methods are 
particularly useful in a number of instances. For example, 
if very little is known about a community and its associa- 
tion with sharks, a qualitative study could be done initially 
to learn about what variables exist. A researcher could then 
study those identified variables with a large sample of indi- 
viduals from a community or a coastal region using quanti- 
tative research methods. 

Another advantage of linked quantitative and quali- 
tative methods is that they can assist in the translation of 
social science information to predominantly biophysical 
science contexts, which can subsequently be applied to pol- 
icy and management (Spoon, 2014). It should be mentioned 
that mixed methods can bring some limitations or disad- 
vantage to the research. For some situations, the research 
design can be very complex, requiring more resources or 
time than what might be available. In addition, the interpre- 
tation of the results can also be tricky if discrepancies arise 
in the results. It should be noted that researchers who are 
experienced in applying mixed methods to research ques- 
tions are able to work through or account for these issues. 


17.4.4 Data Collection Methods 


The methods used by a social scientist will be heavily influ- 
enced by the aims of the research and the specific questions 
that must be answered. Although all methods can provide 
important insights into the social realm, the limitations of 
each method will need to be acknowledged. As explained 
in the section above, the use of multiple or mixed meth- 
ods can be applied, and the option of using both qualitative 
and quantitative analytical techniques for the same data is 
possible. The purpose of the research, as well as the geo- 
graphical scale at which the study is to be conducted will 
also influence which methods are suitable for use in a study. 
In Table 17.3, we have arranged an array of social science 
methods by their data type to highlight the large range of 
choice that can exist for an area. Some of the more com- 
monly used data collection tools in social science research 
are surveys, observations, and interviews. Because they 
are so widely used, these three tools are discussed in more 
detail below. 


Table 17.3. Methods Toolbox for Social Scientists 


Method Category Examples of Social Science Methods 


Qualitative data Interviews, focus groups, participant 
observation, discourse and textual analysis, 
document analysis, free list and pile sorts, 
ethnographies, photograph elicitation, case 
studies, image and video analysis, 
photovoice, participatory videography, 
scenarios, policy analysis, case analysis 


Surveys, economic valuations, cost-benefit 
analysis, modeling, scanner data gathering 


Quantitative data 
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17.4.4.1 Surveys 


Surveys are a popular data collection tool and are often used 
in conjunction with interviews or other methods. They are 
concerned with current phenomena (as opposed to historical 
research, which is concerned with past events) and can be 
used to gather data from people using a (generally) struc- 
tured instrument in the form of a questionnaire. Surveys 
can be used to establish people’s views of what they think, 
believe, value, or feel, and it is possible to sample a popu- 
lation of potential respondents in order to generalize con- 
clusions more widely (Jankowicz, 2000). Surveys can also 
explore the frequency with which attitudes, events, etc. 
occur or issues at a particular point in time (cross-sectional) 
and over a particular time period (longitudinal). There are 
a great many situations that lend themselves to surveys— 
for example, when establishing catch composition, fishing 
equipment, and use of caught sharks in artisanal fisheries. 
Glaus et al. (2015) used a questionnaire that included dichot- 
omous and pre-categorized questions to establish what fish- 
ing gear was prevalent in a shark fishery and to establish 
motivations to retain or release sharks. In another study 
that investigated insights into shark tourism, Richards et al. 
(2015) used surveys to ascertain shark species encountered 
on tourist dives, type of habitat sharks were seen in, whether 
sharks were fed on dives, and whether dive operators had 
a code of conduct for shark encounters. Another aspect of 
the shark diving industry was investigated by Vianna et al. 
(2012), who conducted socioeconomic surveys based on four 
different questionnaires to collect information from people 
who were directly or indirectly affected by the shark diving 
industry in Palau. 


17.4.4.2 Observation 


Observation and participant observation are types of data 
collection methods typically used in qualitative research. 
Observation is widely used in many disciplines, particularly 
cultural anthropology, but also in sociology, ethnobiology, 
sociology, communication studies, human geography, and 
social psychology. Observation can be defined as the sys- 
tematic description of events, behaviors, and artifacts in 
the social setting chosen for study (Marshall and Rossman, 
2014). Observations enable the researcher to describe exist- 
ing situations using the five senses and provide a written 
account of everything that is occurring. Participant observa- 
tion, on the other hand, is the process of enabling research- 
ers to learn about the activities of the people under study 
in the natural setting through observing and participating 
in those activities (DeWalt and DeWalt, 1998). So, it is the 
process of learning through exposure to or involvement in 
the day-to-day or routine activities of participants in the 
research setting. Anthropological insights into the cultural 
practices of shark fishing by the Sama Dilaut people of the 
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Tawi Tawi Island in the Southern Philippines were achieved 
through data collected via observation (Nimmo, 2001). This 
research spanned 40 years and synthesized years of notes 
collected while the researchers lived with and observed 
these maritime people. 


17.4.4.3 Interviews 


The two most common qualitative data collection tools are 
surveys and interviews. The latter are generally considered 
more useful in eliciting narrative data that allow research- 
ers to investigate people’s views in great depth (Kvale and 
Brinkmann, 2009). That is, the value of the interview lies in 
its ability not only to build a complete picture, allow for the 
analysis of words, and report detailed views of participants 
but also to enable people to tell their own story and express 
their own thoughts and feelings (Berg, 2004). 

There are four types of interviews that are frequently 
employed in social sciences. The first is the structured inter- 
view, which as the name suggests is organized around a list of 
predetermined questions that require immediate (generally 
yes or no) answers. There is very little freedom in this inter- 
view type (Berg, 2004), and it is sometimes likened to ques- 
tionnaires in both its form and underlying assumptions. The 
second type of interview is the open-ended (unstructured) 
interview. This kind of interview is an open situation that 
offers much greater flexibility and freedom to both the inter- 
viewee and interviewer, which allows for the elaboration of 
various issues and closer follow-up and investigation of inter- 
esting topics (Gubrium and Holstein, 2002). Third is the semi- 
structured interview, a more flexible version of the structured 
interview that provides the opportunity for the interviewer to 
probe and further expand the interviewee’s responses (Rubin 
and Rubin, 2011). A number of examples of social science 
research in the shark field have used semi-structured inter- 
views. Stacey et al. (2012) conducted field research in eastern 
Indonesia using observations and semi-structured interview 
collection methods to understand customary practices and 
beliefs concerning whale sharks, as well as their geographic 
locations, migrations, aggregations, seasonal patterns, and 
threats they face. This information was collected to assess 
whether suitable biological conditions existed to support eco- 
tourism based on whale sharks in the region. Semi-structured 
interviews were also used by Barbosa-Filho et al. (2014) to 
interview shark fishing specialists in northeast Brazil. This 
research was able to document demographic data about fish- 
ermen, their shark fishing techniques, and their knowledge 
about shark behavior, and it was able to demonstrate the com- 
plexity and robustness of artisanal fishermen’s knowledge of 
sharks. Finally, interviewing using a focus group is a useful 
data collection method suitable for studying processes that 
have a strong social element, such as those that depend on 
group interaction and where it is important to take account of 
assorted views and perspectives. 
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Table 17.4 Key Terms in Sampling 


Term 


Description 


Sampling frame 


List of accessible population from which you would draw your sample (e.g., 


everyone listed on the electoral roll, all permanent residents of a village, all 
shark dive tour operators based in a specific port) 


Sample 


Group of people from your sampling frame whom you select to be in your study 


(selection is via a sampling strategy described in Sections 17.4.5.1 and 17.4.5.2) 


Subsample 


Group that actually completes your study (not everyone in the sample population 


may consent to be in the study or they may not finish) 


17.4.5 Sampling 


When conducting any research, it is not often possible to 
study the entire population of interest. This is the case 
whether the research is qualitative or quantitative. Even if 
research involves very small numbers of people or a single 
case study, decisions have to be made about the participant, 
the environment (context) in which the research is occur- 
ring, and the research steps that must occur. In some cases, 
a sample will represent a larger population and can be 
used to draw inferences about that population; however, in 
other research, a sample may not represent a population but 
instead a phenomenon (or feature) of a person or community. 
The sample size that a researcher determines as suitable for 
the research will vary with methodological approach and the 
time available (Ritchie et al., 2013). Specific terms are used 
when discussing sampling in social inquiry, and it is impor- 
tant to use the correct terms when detailing the research 
methods so results can be interpreted correctly (see Table 
17.4). Within social science, the two main types of sampling 
techniques are those based on probability and those that 
are not. This sounds straightforward, but sampling is a dif- 
ficult multistep process and requires thought and planning 
to avoid issues of introducing systematic error or bias. With 
that in mind, we will briefly describe the different kinds of 
samples that can be created using both techniques. 


17.4.5.1_ Non-Probability Sampling Techniques 


Samples collected through this technique are gathered in a 
process that does not give all individuals in the population 
equal chances of being selected. Three main types of sample 
can be created in this way: 


* Convenience sampling—Available subjects must be 
accessible, such as people walking through a shopping 
center. This does not allow the researcher to have any 
control over the representativeness of the sample; how- 
ever, it is useful to study the characteristics of people 
going by. This approach is not often used if the results 
are to be generalized to a wider population. 

¢ Purposive sampling—Participants are chosen because 
they have particular features or characteristics that will 
allow detailed exploration and understanding of the 
main ideas that the researcher wishes to study. These 


may be sociodemographic characteristics, or they may 
relate to specific experiences or behaviors. For exam- 
ple, to understand the motivations behind people who 
undertake shark finning, the sample would exclusively 
include people who fish for sharks. Many different types 
of purposive sampling are available (e.g., heterogeneous 
samples, extreme case or deviant sampling, intensity 
sampling, stratified purposive sampling) (Patton, 2002). 

¢ Snowball sampling—This technique is appropriate to 
use in research when the members of population are dif- 
ficult to locate or might have specific attributes that are 
known to the person being interviewed. For example, 
a researcher who wants to interview all scientists who 
have studied sharks along the east coast of Australia in 
the past 10 years might ask the person they are currently 
interviewing if he or she knows of anyone else who is 
doing or has done such research on sharks in Australia 
and if that person could help contact them. 


17.4.5.2 Probability Sampling Techniques 


In this technique, all the samples are gathered in a process 
that gives all of the individuals in the population an equal 
chance of being selected. Some people consider this a more 
methodologically rigorous approach to sampling because 
it eliminates social biases that could influence the research 
sample. Two types of probability sampling techniques are 


¢ Simple random sample—This basic sampling method is 
used in statistical methods. The simplest example of this 
type of sampling is when every person of the target pop- 
ulation is assigned a number. A set of random numbers is 
then generated and the people having those numbers are 
included in the sample. This may not always work if the 
population differs much in age, race, education, or social 
class because this technique cannot take demographic 
differences into account. 

¢ Stratified sampling—With this method, the researcher 
divides the entire target population into different sub- 
groups (or strata) and then randomly selects the final 
subjects from each of the different areas. For example, 
a researcher who wants to know how people view shark 
meat as a resource (food source) could organize people 
into groups based on their age and gender and then 
select appropriate numbers from each of the groups. 
This would ensure that the researcher has adequate 
amounts of subjects from each class in the final sample. 
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17.5 ETHICS 


Within the realm of human interactions, human ethics 
(especially those related to indigenous peoples) move into 
the forefront of thinking. The ethical issues that might sur- 
face during planning, designing, and conducting a qualita- 
tive study must be considered and addressed at each level. 
It is a common misconception that ethics only pertain to 
the data collection phase of research; however, they occur 
through several phases of the research process, and a cer- 
tain level of sensitivity is required to work with participants, 
stakeholders, publishers of research, and holders of indig- 
enous knowledge. This ethical behavior can even extend 
beyond the conduct of the research to the use of the data 
(e.g., how the data are identified/de-identified, reported, or 
analyzed) and may involve the ethical fairness of the ben- 
efits of knowledge generation. In addition, working in com- 
plex situations or at culturally significant sites requires an 
informed and respectful approach. 

Some excellent scholarly literature is available on how 
ethical consideration should be applied to different phases 
of the social science research process. Creswell and Poth 
(2017), Lincoln (2009), and Mertens and Ginsberg (2009) 
have provided overviews on how ethical issues in social 
science can be described as occurring prior to and at the 
beginning of the research, during data collection, in data 
analysis, and in the reporting and publishing of the research 
outcomes. Following are two aspects of ethics warranting 
special mention in this chapter: 


¢« All human interactions, including the interactions 
involved in human research, have ethical dimensions; 
however, ethical conduct is more than simply doing the 
right thing. 

e All researchers working with people should consider 
the ethical fairness of the benefits of knowledge gen- 
eration. This is an important issue and is raised often 
in research that involves indigenous people. Much work 
has taken place in explaining the intellectual property 
rights pertaining to indigenous knowledge, at both 
the community and individual level (Janke, 2005). 
Knowledge generation pertains to both social and bio- 
physical scientists, as it can relate to the use of knowl- 
edge for social research as well as for research on sites 
or species. An example of this would be scientists who 
work with indigenous communities to understand the 
presence or absence of animals and to determine tem- 
poral or spatial distributions to focus their tracking or 
biodiversity surveys. Information may be shared about a 
species’ location, distribution, or habitat preference, and 
critical local knowledge about the area might be used 
to conduct the research safely. But, although the peo- 
ple involved in the work may be acknowledged, there 
is not often more consideration given to the knowledge 
input (i.e., they very rarely see co-authorship on papers 
despite significant intellectual input). 


17.6 CASE STUDIES 
Case Study 1. Mixed Methods Research 


SHARK FISHING LIVELIHOODS IN THE CROSSFIRE: 
A CASE STUDY FROM EASTERN INDONESIA 


A case study conducted over the course of 2 years exam- 
ined how livelihoods in three eastern Indonesian fishing 
communities had changed over a 20-year period, stretch- 
ing from the beginning of commercial shark fishing and 
finning through to the Asian financial crisis and more 
recent impacts. These impacts included marine con- 
servation initiatives, declines in shark numbers, forced 
and voluntary changes in fishing grounds, fisher—patron 
relationships involving increasing debt, and the effects 
of changes in consumer awareness and trade on shark 
fishers in Indonesia (Jaiteh et al., 2017a,b). Shark fishers 
in each community—two in Maluku province and one 
in Nusa Tenggara Timur province—were involved in 
data collection through various qualitative and quantita- 
tive research methods. The principal researcher lived in 
each community for at least 3 months to allow for famil- 
iarity and trust to be established between the researcher 
and community members. At the beginning of each 
stay, the researcher sought permission from the Kepala 
desa (head of the village) and, if applicable, other per- 
sons or groups, such as the Adat (village council), to 
approach and work with fishers. Active shark fishers 
were approached first and asked if they would like to 
contribute to data collection for the research project. 
The project was described in detail to each fisher, and 
it was stressed that participation was entirely voluntary. 
Fishers who agreed to take part were asked to collect 
data on their shark catch, including the fork and/or total 
lengths, local species names, latitude and longitude of 
capture, sex, and a number of sex-specific parameters. 
Active fishers from the three communities recorded 
information for almost 2000 individuals within a rela- 
tively short time, which provided the basis for the most 
comprehensive dataset recorded to date in eastern 
Indonesia, part of the world’s biggest shark producing 
and exporting country. This dataset led to a number of 
interesting findings, including the likely status of the 
shark fishery and the diversity of species being caught 
(Jaiteh et al., 2017a). However, the most valuable infor- 
mation about the fishery and the livelihoods it supports 
was arguably obtained through extensive participant 
observation and detailed semi-structured interviews. 
Participant observation began as soon as research- 
ers entered a community and continued throughout their 
stay and included land-based and sea-based activities 
that were not necessarily fishing related. Interviews 
were always conducted toward the end of a stay in a 
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community, after relationships had been established and 
most respondents had met the researcher. Respondents 
were chosen opportunistically, taking into consideration 
that no two respondents could live in the same household. 
Also, respondents included at least 30 active fishers, 30 
retired fishers (those who had not fished for at least a 
year and declared to have no intention of returning to 
shark fishing), and 20 non-fishing community members. 
Interview questions spanned the respondent’s household 
condition, financial status, the history of shark fishing in 
each community, current fishing practices and beliefs, 
changes in catch and shark fin prices over the previous 
20 years, alternative livelihood options and aspirations, 
and thoughts on the future of shark fishing. 

The results from this research brought to light some 
important perspectives from the shark fishers that may 
be useful for community development, fisheries manage- 
ment, and shark conservation. For example, fishers in each 
of the three case study sites had noticed declines in shark 
populations over the last two decades and particularly the 
most recent ten years (Jaiteh et al., 2017a; Whitcraft et 
al., 2014). In the two Moluccan sites, fishers responded to 
these declines by changing their fishing grounds (Jaiteh 
et al., 2017b). One of those fishing grounds encompassed 
the rich waters of the Raja Ampat regency which were 
made a shark sanctuary in 2013 after a decree was passed 
by parliament that banned all commercial and artisanal 
fishing for sharks and rays in the regency. Shortly before 
the sanctuary was officially established, one of the shark 
fishing boats from this study site (along with several oth- 
ers from elsewhere in the region) was apprehended (Jaiteh 
et al., 2017b). Their catch, 6 weeks’ worth of fishing, was 
confiscated along with their gear; the crew was given 
a warning and told not to return. This single incident 
caused the majority of fishers from the community to stop 
shark fishing altogether; in interviews, they stated that it 
was not worth the risk of losing all their catch and gear. 
In the other two study sites, most fishers worked on boats 
owned and financed by a “boss” (or bos in Indonesian), 
which in many cases led to substantial debt. As such, the 
majority of fishers were not free to change their livelihood 
until they had paid off their debt. Many of these fishers 
made it clear that if there were viable livelihood alterna- 
tives for them they would not hesitate to take advantage 
of them. However, because these fishers lived on remote 
islands with limited infrastructure, and often a relatively 
high proportion of them had received only minimal edu- 
cation, livelihood enhancements and alternatives were 
not readily available. It remains to be seen how fishers in 
each of the case study sites, as well as in Indonesia and 
in source countries elsewhere, adapt and respond to the 
ongoing challenges of their precarious, rapidly changing 
livelihoods. 


Case Study 2. Ethics and Approach 


INDIGENOUS KNOWLEDGE IN SHARK 
RESEARCH AND MANAGEMENT 


This example of mixed-methods research is an Australia- 
based project that provides an example of ethical consid- 
erations and engagement in community based research. 
The project used a case study approach to observe and 
document indigenous knowledge about sharks and rays. 
In collaboration with a traditional owner group (Yuku 
Baja Muliku) in far north Queensland, the researchers 
designed the study in a culturally respectful way that 
encouraged involvement and feedback from the commu- 
nity from the very inception of the study (K. Gerhardt, 
unpublished data). Some of the objectives of the project 
were as follows: 


1. Establish a culturally appropriate protocol for the 
management of indigenous knowledge that was 
documented during the project (a protocol that was 
specific to the group and met all of their concerns 
and needs). 

2. Document the traditional and contemporary prac- 
tices of shark and ray fishing and use in traditional 
owner sea country. 

3. Document and understand the cultural and social 
roles that sharks and rays play within the traditional 
and contemporary society. 

4. Agree upon two-way sharing benefits and deliver 
them as part of the project. 


In accordance with national and international best 
practice protocols for research in indigenous communi- 
ties, this project used a collaborative research methodol- 
ogy based on the Australian Institute of Aboriginal and 
Torres Strait Islander Studies (AIATSIS) Guidelines 
for Ethical Research and the International Society for 
Ethnobiologists (ISE) Code of Ethics, thus ensuring 
that data sharing agreements (including benefit sharing 
agreements) were in place, that research methods were 
agreed upon by the community, and that community 
feedback loops were built into the project to allow for 
changes suggested by the traditional owners. 

Ethics for the project were provided through the 
James Cook University human research ethics com- 
mittee (Aboriginal and Torres Strait Islander ethics 
approval), and permission and endorsement were pro- 
vided by the Yuku Baja Muliku traditional owner nego- 
tiating committee. Two project managers were identified 
within the traditional owner group to help champion the 
project and provide on-ground communication pathways 
for the researcher and community members. It was also 
an opportunity for traditional owners to gain valuable 
project management experience and skill in the area of 
research projects and collaborating with scientists. 
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Reciprocity (two-way sharing) was an important fea- 
ture during the initial design phase of the project. The 
proposition that working together on the research meant 
that there would be benefits for both the researcher and 
the traditional owner group was important to document 
before the research was underway. Project deliverables 
that were included in the benefit sharing agreement (a 
memorandum of understanding between the researcher 
and the traditional owner group) were as follows: 


e Traditional owner fact sheets on sharks and rays 
describing species, cultural values, traditional eco- 
logical knowledge, and relevant Western scientific 
knowledge 

¢ Cultural knowledge collected and returned to the 
traditional owner group (in raw form and in col- 
lated form that could be uploaded into their cultural 
database) 

e Shark and ray posters with pictures of each species 
found in traditional owner sea country, with tradi- 
tional and scientific names (e.g., for use in Junior 
Ranger programs or to share with schools) 

e Final report back to each group on outcomes of the 
project that can be used to support further work or 
research that the groups may wish to undertake 

¢ Research data and reports (for the researcher) 

¢ Scientific publications arising from the project with 
co-authorship offered to traditional owners who 
participated in the research 


17.7; SUMMARY AND CONCLUSION 


Human-driven pressures on sharks and rays are one of the 
most important factors in the collapse of top order preda- 
tor populations (Davidson et al., 2016; Dulvy et al., 2014); 
yet, social science related to shark fishing, conservation, 
and management is still in its infancy and has not caught 
up with the ground swell of biophysical shark science. As 
many shark and ray species around the world continue to 
decline, the research needs of species and fisheries manag- 
ers, conservationists, policymakers, and communities will 
require a more comprehensive understanding of socioeco- 
logical systems that sharks exist within. Better incorpora- 
tion of social science research in the form of economic, 
governance, cultural, or social findings has the potential to 
produce initiatives that are more suited to local contexts and 
may find improved outcomes for sharks, simply because the 
management fit is more suited to the people involved. 
Support for the use of interdisciplinary approaches to 
shark research and management is critical to understanding 
and dealing effectively with the complexity of livelihood 
issues associated with sharks (whether through fishing, 
trade, conservation, or custom). It is hoped that this accep- 
tance of interdisciplinary teams as a standard approach to 
shark research will lead to increased collaboration between 
biophysical scientists and social scientists—as well as 
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greater interaction between managers and policymakers— 
through all stages of research. As we expand our research 
teams, it is also important to recognize that different types 
of social research will provide different insights into the 
same issues, simply because the social reality is complex 
and one social science methodology may not have the scope 
to provide all the insights necessary to explain what is 
occurring. 


REFERENCES 


Agardy T (2000) Information needs for marine protected areas: 
scientific and societal. Bull Mar Sci 66(3):875-888. 

Aswani S, Hamilton RJ (2004) Integrating indigenous eco- 
logical knowledge and customary sea tenure with marine 
and social science for conservation of bumphead parrot- 
fish (Bolbometopon muricatum) in the Roviana Lagoon, 
Solomon Islands. Environ Conserv 31(01):69-83. 

Ban NC, Mills M, Tam J, Hicks CC, Klain S, Stoeckl N, Bottrill 
MC, et al. (2013) A social—ecological approach to conserva- 
tion planning: embedding social considerations. Front Ecol 
Environ 11(4):194-202. 

Barbosa-Filho MLV, Schiavetti A, Alarcon DT, Costa-Neto EM 
(2014) “Shark is the man!”: ethnoknowledge of Brazil’s 
South Bahia fishermen regarding shark behaviors. J 
Ethnobiol Ethnomed 10(1):54. 

Barker MJ, Schluessel V (2005) Managing global shark fisheries: 
suggestions for prioritizing management strategies. Aquat 
Conserv Mar Freshw Ecosyst 15(4):325-347. 

Baum F, MacDougall C, Smith D (2006) Participatory action 
research. J Epidemiol Commun Health 60(10):854—857. 

Bennett NJ (2016) Using perceptions as evidence to improve con- 
servation and environmental management. Conserv Biol 
30(3):582-592. 

Bennett NJ, Roth R, Klain SC, Chan K, Christie P, Clark DA, 
Cullman, G, et al. (2017) Conservation social science: 
Understanding and integrating human dimensions to 
improve conservation. Biol Conserv 205:93-108. 

Berg BL (2004) Methods for the Social Sciences. Pearson Education, 
London. 

Bhattacherjee A (2012) Social Science Research: Principles, 
Methods, and Practices, Textbooks Collection 3. University 
of South Florida Scholar Commons, Tampa (http://scholar- 
commons.usf.edu/oa_textbooks/3). 

Blythe JL (2015) Resilience and social thresholds in small-scale 
fishing communities. Sustain Sci 10(1):157—-165. 

Chambers R, Conway G (1992) Sustainable Rural Livelihoods: 
Practical Concepts for the 21st Century. Institute of 
Development Studies, East Sussex, UK. 

Cinner JE, McClanahan TR, MacNeil MA, Graham NAJ, Daw 
TM, Mukminin A, Feary DA, et al. (2012) Comanagement 
of coral reef social-ecological systems. Proc Natl Acad Sci 
USA 109(14):5219-5222. 

Comte A (1975) Auguste Comte and Positivism: The Essential 
Writings. Transaction Publishers, Piscataway, NJ. 

Creswell JW, Poth CN (2017) Qualitative Inquiry and Research 
Design: Choosing Among Five Approaches. Sage 
Publications, Thousand Oaks, CA. 


SOCIAL SCIENCE AND ITS APPLICATION TO THE STUDIES OF SHARK BIOLOGY 


Davidson LN, Krawchuk MA, Dulvy NK (2016) Why have global 
shark and ray landings declined: improved management or 
overfishing? Fish Fish 17(2):438—458. 

DeWalt K, DeWalt B (1998) Participant observation. In: Bernard 
HR (ed) Handbook of Methods in Cultural Anthropology. 
AltaMira Press, Lanham, MD, pp 259-300. 

Dulvy NK, Baum JK, Clark S, Compagno LJV, Cortés E, Domingo 
A, Fordham S, et al. (2008) You can swim but you can’t hide: 
the global status and conservation of oceanic pelagic sharks 
and rays. Aquat Conserv Mar Freshw Ecosyst 18(5):459. 

Dulvy NK, Fowler SL, Musick JA, Cavanagh RD, Kyne PM, 
Harrison LR, Carlson JK, et al. (2014) Extinction risk and 
conservation of the world’s sharks and rays. eLife 3:e00590. 

Dulvy NK, Simpfendorfer CA, Davidson LNK, Fordham 
SV, Brautigam A, Sant G, Welch DJ (2017) Challenges 
and priorities in shark and ray conservation. Curr Biol 
27(11):R565—R572. 

Gallagher AJ, Hammerschlag N (2011) Global shark currency: the 
distribution, frequency, and economic value of shark eco- 
tourism. Curr Issues Tour 14(8):797-812. 

Glaus KB, Adrian-Kalchhauser I, Burkhardt-Holm P, White WT, 
Brunnschweiler JM (2015) Characteristics of the shark fish- 
eries of Fiji. Sci Rep 5:17556. 

Guba EG, Lincoln YS (1994) Competing paradigms in qualita- 
tive research. In: Denzin NK, Lincoln YS (eds) Handbook 
of Qualitative Research. Sage Publications, Thousand Oaks, 
CA, pp 105-117. 

Gubrium JF, Holstein JA (2002) Handbook of Interview Research: 
Context and Method. Sage Publications, Thousand Oaks, 
CA. 

Gutiérrez NL, Hilborn R, Defeo O (2011) Leadership, social 
capital and incentives promote successful fisheries. Nature 
470(7334):386-389. 

Hilborn R (2007) Managing fisheries is managing people: what 
has been learned? Fish Fish 8(4):285-296. 

Huff TE (1984) Max Weber and the Methodology of the Social 
Sciences. Transaction Publishers, Piscataway, NJ. 

Hylton S, White W, Chin A (2017) The sharks and rays of the 
Solomon Islands: a synthesis of their biological diversity, val- 
ues and conservation status. Pac Conserv Biol 23:324-334. 

Jacques PJ (2010) The social oceanography of top oceanic preda- 
tors and the decline of sharks: a call for a new field. Prog 
Oceanogr 86(1):192-203. 

Jaiteh VF, Hordyk AR, Braccini M, Warren C, Loneragan NR 
(2017a) Shark finning in eastern Indonesia: assessing 
the sustainability of a data-poor fishery. ICES J Mar Sci 
74(1):242-253. 

Jaiteh VF, Lindfield SJ, Mangubhai S, Warren C, Fitzpatrick B, 
Loneragan NR (2017b) Higher abundance of marine preda- 
tors and changes in fishers’ behavior following spatial pro- 
tection within the world’s biggest shark fishery. Front Mar 
Sci 3:43. 

Janke T (2005) Managing indigenous knowledge and indigenous 
cultural and intellectual property. AARL 36(2):95—107. 
Jankowicz D (2000) From ‘learning organization’ to ‘adaptive 

organization.’ Manage Learn 31(4):471—490. 

Kittinger JN, Finkbeiner EM, Ban NC, Broad K, Carr MH, Cinner 
JE, Gelcich S, et al. (2013) Emerging frontiers in social- 
ecological systems research for sustainability of small-scale 
fisheries. Curr Opin Environ Sustain 5(3):352-357. 


335 


Knip DM, Heupel MR, Simpfendorfer CA (2012) Evaluating 
marine protected areas for the conservation of tropical 
coastal sharks. Biol Conserv 148(1):200-209. 

Kuhn TS (1970) The Structure of Scientific Revolution, 2nd ed. 
University of Chicago Press, Chicago, IL. 

Kvale S, Brinkmann S (2009) Learning the Craft of Qualitative 
Research Interviewing. Sage Publications, Thousand Oaks, 
CA. 

Leslie HM, Basurto X, Nenadovic M, Sievanen L, Cavanaugh KC, 
Cota-Nieto JJ, Erisman BE, et al. (2015) Operationalizing 
the social-ecological systems framework to assess sustain- 
ability. Proc Natl Acad Sci USA 112(19):5979-5984. 

Lincoln YS (2009) Ethical practices in qualitative research. In: 
Ginsberg P, Mertens DM (eds) The Handbook of Social 
Research Ethics. Sage Publications, Thousand Oaks, CA, pp 
150-169. 

Marshall C, Rossman GB (2014) Designing Qualitative Research. 
Sage Publications, Thousand Oaks, CA. 

McClanahan TR, Castilla JC, White AT, Defeo O (2009) Healing 
small-scale fisheries by facilitating complex socio-ecologi- 
cal systems. Rev Fish Biol Fish 19(1):33-—47. 

Mertens DM, Ginsberg PE (eds) (2009) The Handbook of Social 
Research Ethics. Sage Publications, Thousand Oaks, CA. 

Mills D, Béné C, Ovie S, Tafida A, Sinaba F, Kodio A, Russell 
A, et al. (2011) Vulnerability in African small-scale fishing 
communities. J Int Dev 23(2):308-313. 

Nimmo H (2001) Magosaha: An Ethnology of the Tawi-Tawi 
Sma Dilaut. Ateneo de Manila University Press, Manilla, 
Phillipines. 

Nirmale V, Sontakki B, Biradar R, Metar S, Charatkar S (2007) Use 
of indigenous knowledge by coastal fisher folk of Mumbai 
district in Maharashtra. Indian J Tradit Knowl 6(2):378-382. 

O’Bryhim JR, Parsons E, Gilmore MP, Lance SL (2016) Evaluating 
support for shark conservation among artisanal fishing com- 
munities in Costa Rica. Mar Policy 71:1-9. 

Ormston R, Spencer L, Barnard M, Snape D (2014) The foundations 
of qualitative research. In: Ritchie J, Lewis J, McNaughton 
NC, Ormston R (eds) Qualitative Research Practice: A 
Guide for Social Science Students and Researchers. Sage 
Publications, Thousand Oaks, CA, pp 1-25. 

Ostrom E (2009) A general framework for analyzing sustainability 
of social-ecological systems. Science 325(5939):419—422. 

Patton MQ (2002) Qualitative Research and Evaluation Methods, 
3 ed. Sage Publications, Thousand Oaks, CA. 

Persha L, Agrawal A, Chhatre A (2011) Social and ecological syn- 
ergy: local rulemaking, forest livelihoods, and biodiversity 
conservation. Science 331(6024):1606—1608. 

Pollnac R, Christie P, Cinner JE, Dalton T, Daw TM, Forrester GE, 
Graham NA, etal. (2010) Marine reserves as linked social—eco- 
logical systems. Proc Natl Acad Sci USA 107(43):18262—18265. 

Pomeroy R, Ferrer AJ, Pedrajas J (2017) An analysis of liveli- 
hood projects and programs for fishing communities in the 
Philippines. Mar Policy 81:250-255. 

Reid H (2016) Ecosystem-and community-based adaptation: 
learning from community-based natural resource manage- 
ment. Clim Dev 8(1):4-9. 

Richards K, O’Leary BC, Roberts CM, Ormond R, Gore M, 
Hawkins JP (2015) Sharks and people: insight into the global 
practices of tourism operators and their attitudes to shark 
behaviour. Mar Pollut Bull 91(1):200-210. 


336 


Ritchie J, Lewis J, Nicholls CM, Ormston R (2013) Qualitative 
Research Practice: A Guide for Social Science Students and 
Researchers. Sage Publications, Thousand Oaks, CA. 

Rosenau PM (1991) Post-modernism and the Social Sciences: 
Insights, Inroads and Intrusions. Princeton University 
Press, Princeton, NJ, 248 pp. 

Rubin HJ, Rubin IS (2011) Qualitative Interviewing: The Art of 
Hearing Data. Sage Publications, Thousand Oaks, CA. 

Salafsky N, Wollenberg E (2000) Linking livelihoods and con- 
servation: a conceptual framework and scale for assessing 
the integration of human needs and biodiversity. World Dev 
28(8):1421-1438. 

Saunders M, Lewis P, Thornhill A (2007) Research Methods for 
Business Students, 6th ed. Pearson Education, London. 
Simpfendorfer C, Heupel M, White W, Dulvy N (2011) The impor- 
tance of research and public opinion to conservation man- 
agement of sharks and rays: a synthesis. Mar Freshwater Res 

62(6):518-527. 

Smircich L, Calas MB (1987) Organizational culture: a critical 
assessment. In: Jablin F, Putnam L, Roberts K, Porter L 
(eds) Handbook of Organisational Communication. Sage 
Publications, Thousand Oaks, CA, pp 228-263. 

Spoon J (2014) Quantitative, qualitative, and collaborative meth- 
ods: approaching indigenous ecological knowledge hetero- 
geneity. Ecol Soc 19(3):33. 


SHARK RESEARCH: EMERGING TECHNOLOGIES AND APPLICATIONS FOR THE FIELD AND LABORATORY 


Stacey NE, Karam J, Meekan MG, Pickering S, Ninef J (2012) 
Prospects for whale shark conservation in Eastern Indonesia 
through Bajo traditional ecological knowledge and commu- 
nity-based monitoring. Conserv Soc 10(1):63. 

Topelko KN, Dearden P (2005) The shark watching industry and 
its potential contribution to shark conservation. J Ecotour 
4(2):108-128. 

Twyman C (2017) Community-based natural resource manage- 
ment. In: Richardson D, Castree N, Goodchild MF, Kobayashi 
A, Liu W, Marson RA (eds) International Encyclopedia 
of Geography: People, the Earth, Environment and 
Technology. John Wiley & Sons, New York, pp 873-883. 

Vianna G, Meekan M, Pannell D, Marsh S, Meeuwig J (2012) 
Socio-economic value and community benefits from shark- 
diving tourism in Palau: a sustainable use of reef shark pop- 
ulations. Biol Conserv 145(1):267-277. 

Whitcraft S, Hofford A, Hilton P, O’Malley M, Jaiteh V, Knights 
P (2014) Evidence of Declines in Shark Fin Demand: China. 
WildAid, San Francisco, CA. 

White TD, Carlisle AB, Kroodsma DA, Block BA, Casagrandi R, 
De Leo GA, Gatto M, et al. (2017) Assessing the effective- 
ness of a large marine protected area for reef shark conser- 
vation. Biol Conserv 207:64—71. 


CHAPTER 18 


Network Analysis and Theory in Shark 
Ecology—Methods and Applications 


Johann Mourier 
PSL Research University, EPHE-UPVD-—CNRS, CRIOBE USR 3278, Perpignan, France 


Elodie Lédée 
Fish Ecology and Conservation Physiology Lab, Carleton University, Ottawa, Ontario, Canada 


Tristan Guttridge 
Bimini Biological Field Station Foundation, South Bimini, Bahamas 


David M.P. Jacoby 
Institute of Zoology, Zoological Society of London, London, United Kingdom 


CONTENTS 
WS.1 TinthOGuctiOM soycceescescsscschacieseacsveseeeandovtavebete vucsecvccekag seen ss absnavi sven stasuevavesusvyedvat exoes scncuedech svasveausva susveivedansi tony sutdbecveseduavicess 337 
18.1.1 What Is a Network? Basics of Network Theory ..:.scsciccsscscscssspentescssepessaeestanescesscrendbaneeednsceneteipesvepasedzesbacascanes 338 
18.1.2 Sampling a Network: Data Collection Methods... ceeeceeeeceeeeceseseeeeseseeecaeeeeesseesaeeseeeeesaeenaeseseaeseresaeenees 340 
18.1.3 Assumptions and Randomization AnalySis ..........cceececesccesseeseeseseeeeseceeeeseeesecseseeesaeeeaeeseeeaeseeeeaseneeeaeseneeaeeeaes 343 
18.1.4 Interpretation and Output of Network Analysis 000.0... eee ec eeeeseeeeceeeeceesesesecaeeeeeeseeeaeesesesesaeesaeseseaeseeetaeeees 344 
18:2. Network Applications 1n Shark Biology <...s..0:.é:.sseisssescadsssuascseadbseaseaueses cavtode sabes isgenpasdueassduesaecsbstasivedssseedes cativastapedsies 344 
18.2.1 Shark Social Networks vcci..cic..cse. ieee civsesuencesevs esovevieeaabubaus over setup ovees abavecvvuecvaeeanets deceav cubsansgupsvevneuneyesabecneniees 344 
18.2.1.) Labsand Semit-Captive Studies. 1... s.i:.s)cceeccsssacsenteasstezcsdioasdgassancsoes getanessuesedes cea vaca sed danaceeiassanas canes ine 346 
18.2.1.2  Pree-Raneing Studies iin. v.scssvscesessevssscastevesvesecsaasstaspcusvpoteutesvens cisvegvshesnavvacsuauscvovasstus stasbedsipecaabeaved sans 346 
LS.2-2. Shark Movement NCtwOrks c..ici.:ciesestésectaseiscaastasceasaecdeads sebsaaiesassibesassabesesscsetpcsdueastagesavidaseabiaesdinacdesessioastapessans 347 
18.2.3. Limitations of Network Analyses ...:. 0.0. ccc. csssccussosnectcassase sears stassovensostsvoceeecuenicesvedsctevssutaustauesvaubeutsbornadectaveeds 348 
18.3. Future: Developments ‘and Research Directions seisccisscscsscscectsssasscesesabssdpescieassabesedaccsduasaneassnassdesseveadieesdisassepasdevasesvassine 349 
18.3.1 Technological Challenges and Development 0.0.0.0... ce ceeeceeeeseceeeeeeceeeeseseseeaeeeeecaeeeaeeseeeaeseeeaseeeeaesenenaeenees 349 
13.3.2 Analytical: Challenges and Developments oc-is.scasccaieccieases cuca sseee detec esestds pune caeasiadcevalavseasbackisaiedes atiecesabedsine 350 
18.3.3 (New Ideas and Future: Research Questions’ s 2c: .2c2:cc.3c; cbsvad caus iecuseeens scoanseuiee eychedesuodecxiehiouedsseasenuesuteesdesteeateccees Jol 
18,3:3:1 Social NCtwoOrk 2ccc:cscoissdaes sas cscsnaci secs vessstaccessassbesdeaseteicedenaasdoacddoasoes detnoeesueasTasceo ia caved dapactdbassenascapasa does 351 
18.3.3.2 Spatial Network sive. ccstscccsseeseicsevcesdevesseustevesvevaccausslasncusvpotnaseseessducvedi spavuavseaesvauscvons claus stawesdecpennabeceeteaes. ed | 
18.3.4 Applications for Management and Conservation ..0......ceceeeeseeseeseessceeeceeeeseeeeeaeseeesaeseeesaeseaeeaesesesaeesaeeeeeneegs oo 
18:4 Summary anid Conclustomis. is ic cdevaivivevacvass wiesielinsdahschetscsceeuieecek acd uucvasasueiscehen cvedscedbeduivecussasaveutsvenesxtwucvasdsulaserban cbeveenst 353 
IRCLSLENCES i suzi.cescesiccdscbedecss sSesvaresshasiaus ceases es canaetspassanastasdsedeasvanasbascaanaskaeacaaesediascdpabiabessdaaed4yesbaedi cease baieso4sdedebligastepastepatessanadess B03 
18.1 INTRODUCTION al., 2008; Krause et al., 2007; Proulx et al., 2005; Wey et 


al., 2008). Network theory (also known as graph theory) 
In recent decades, network analyses have become ubiqui- originates from the mathematical and social sciences but 
tous in ecology, facilitating our understanding of linkages has developed concurrently across many disciplines, includ- 
between paired entities, whether it be genes, proteins, indi- ing computational science, physics, management, genet- 
viduals, species, or habitats (Bliithgen et al., 2008; Croft et ics, and epidemiology (Newman, 2010), to name but a few. 
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Widespread uptake of these developments in behavioral 
ecology has ensured that network analyses, and in particular 
social network analysis (SNA), are now among the go-to tool 
kits for researchers wishing to measure animal association 
and aggregation, species interactions, or animal-mediated 
habitat connectivity (Farine and Whitehead, 2015; Fletcher 
et al., 2011; Jacoby et al., 2012a; James et al., 2009; Krause et 
al., 2009a). Given the challenges that face researchers study- 
ing sharks (e.g., their slow growth and low fecundity, their 
tendency to be wide ranging and cryptic) and indeed behav- 
ior in any subsurface marine organism, it is perhaps not sur- 
prising that this exciting branch of ecology has only really 
found a home in shark biology in the last decade (Krause et 
al., 2015). Before this, records of shark social behavior were 
rare and often anecdotal (Jacoby et al., 2012b). 

Guided by the pioneering work on teleost fishes, such 
as the three-spined stickleback (Gasterosteus aculea- 
tus) and the guppy (Poecilia reticulata), and by work on 
marine mammal societies (predominantly cetaceans), 
network methods now offer a robust framework to quan- 
tify and analyze components of shark behavior that until 
recently have proven extremely difficult (Croft et al., 2008; 
Krause and Ruxton, 2002; Ward et al., 2002; Whitehead, 
2008). Do individual sharks have preferential social part- 
ners? Are shark groups assorted by phenotypic traits and, 
if so, over what spatial and temporal scales? Are sharks 
capable of learning from social partners? Observational 
experiments on small groups of captive or semi-wild indi- 
viduals have driven our initial understanding of social 
networks in sharks (Guttridge et al., 2009; Jacoby et al., 
2010); for some of the first wild examples, see Krause et al. 
(2009b) and Mourier et al. (2012). Technological advances 
are now driving the progress of new analytical techniques 
that can handle very large datasets, such as those obtained 
from biotelemetry. Thus, technology in combination with 
network approaches has recently helped to facilitate the 
scaling of some of these questions to wild sharks at the 
population level (Jacoby and Freeman, 2016; Jacoby et al., 
2016; Krause et al., 2013). 

Although widely used and often easily implemented 
in bespoke programs or R packages, network analyses are 
highly nuanced and should be tailored specifically to a spe- 
cies or study system. In this chapter, we explore the two core 
principles of network application in shark ecology: (1) shark 
social networks (i.e., the how, why, and with whom sharks 
associate), and (2) shark spatial networks (i.e., understand- 
ing how the movements of individuals can link discrete 
locations as a movement network). These components are 
far from mutually exclusive, reflecting how social processes 
are inextricably linked to the distribution of sharks in space. 
Network analyses offer a unique set of statistical tools that 
help researchers to understand how individual behavioral 
patterns can influence group and population-level processes, 
how overall network structure can select for behavior at the 
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individual level, and how both direct and indirect connec- 
tions within a population can matter greatly (Croft et al., 
2016; Krause et al., 2009a). 

18.1.1 What Is a Network? Basics 
of Network Theory 


A network (or graph) consists of a set of nodes and edges. As 
a visual illustration, the simple network depicted in Figure 
18.1 has six nodes (i.e., six individual sharks for social net- 
works and six locations for spatial networks) and ten edges 
(i.e., ten associating pairs for social networks and ten move- 
ment paths between locations for spatial networks), and the 
interactions between all possible pairs are represented by 
an accompanying adjacency matrix, A (a quantitative rep- 
resentation of the network). These interactions can be rep- 
resented in various ways depending on which components 
of the shark’s behavior are being measured. For example, in 
Figure 18.1A, an unweighted (i.e., binary) directed network 
is presented in which an edge represents directed interac- 
tions such as “1 is dominant over 2” (social) or movement 
from location | to location 2 (spatial). Figure 18.1B shows 
a binary undirected network with a | or a 0 to indicate 
presence or absence of an interaction within the adjacency 
matrix. Figure 18.1C shows the same network but with 
weighted edges proportional to the frequency or strength of 
association generally between 0 (no association) and | (con- 
stant association). Note that each edge appears twice in the 
adjacency matrix of an undirected network (i.e., symmetric), 
whereas upper and lower triangles of the matrix are different 
in directed networks. 

Network analyses offer a set of quantitative metrics or 
test statistics that allow researchers to characterize and ana- 
lyze its structure (Table 18.1). These are used to measure 
structural properties at the node, group, or network level; for 
example, one can assess the centrality of individual sharks 
to differentiate the social importance or influence of mem- 
bers of the population. Node degree (unweighted) or the 
strength, also known as weighted degree, can help identify 
the most gregarious individuals in the population based on 
the number of associations an individual has with conspecif- 
ics (Croft et al., 2008). For binary directed networks (see 
Figure 18.1A), out-degree and in-degree (the number of 
edges leaving and arriving at a node, respectively) can be 
used to better determine the centrality of nodes (e.g., identify 
hubs in the network) and identify the directionality of inter- 
actions or movements. Such node-based metrics are useful 
for understanding the position and relative importance of 
sharks in their network (Jacoby et al., 2010; Mourier et al., 
2017b). Such centrality metrics are also useful for movement 
networks to better identify the central locations most perti- 
nent to conservation and management (Jacoby and Freeman, 
2016; Jacoby et al., 2012a). Beyond the individual-level met- 
rics, many networks contain groups of nodes that are better 
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Social Network 


Figure 18.1 
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Spatial Network 


Examples of social (left) and spatial (right) networks. Different representations are displayed: (A) directed binary networks 


with an associated nonsymmetrical adjacency matrix, (B) undirected binary networks with symmetrical adjacency matrix, 
and (C) weighted undirected networks with symmetrical adjacency matrix. 


connected among themselves than they are to the rest of the 
network, and these clusters of well-connected nodes are usu- 
ally referred as communities or cliques. Community detec- 
tion analyses, for example, were used to demonstrate that 
blacktip reef sharks (Carcharhinus melanopterus) in French 
Polynesia could form well-defined, mixed-sex communities 
within a small portion of the reef (Mourier et al., 2012). 

It is important to note that social and spatial networks 
are often correlated, as social networks are usually derived 
from spatial proximity (co-occurrences) and therefore are 
dependent on the movement of sharks between locations 
(Figure 18.2) (Jacoby and Freeman, 2016; Jacoby et al., 
2016). Although social networks are to an extent somewhat 
dependent on the spatial proximity of their members, non- 
random, preferential associations can emerge beyond those 
predicted through overlap of spatial ranges (Mourier et al., 
2012). This interplay can be captured by bimodal networks 
that consist of links between two sets of nodes belonging 
to different classes such as individuals linked to locations 
(Figure 18.2). As before, these bimodal networks can also 
be (1) unweighted or binary, only showing the presence or 
absence of the interactions; or (2) weighted if cells in a matrix 
represent, for example, the number of visits by animal spe- 
cies to a monitoring receiver. Bimodal networks are often 
analyzed after projecting them into unimodal ones in which 
individuals are linked if they share locations (Figure 18.2). 


Networks can have very different properties but can 
sometimes be defined by characteristic structural properties 
(Figure 18.3). In regular networks, all nodes have the same 
degree. For example, a circular network is a type of regular 
network where all nodes in the network have a degree of 2. 
It also displays additional characteristics such as no clus- 
tering coefficient and long average path length (Table 18.1), 
indicating that most nodes must pass through many other 
nodes to reach anything other than their immediate network 
neighbors (Csardi and Nepusz, 2006). In such a network, 
the direct influence of any single node on the network over- 
all is low. Random networks are characterized by a normal 
node degree distribution (Erdés and Rényi, 1959), whereas 
small-world networks are characterized by a small diameter 
(longest path between any pair of nodes; see Table 18.1) rela- 
tive to the number of nodes, as well as a higher clustering 
coefficient and a smaller average path length compared with 
random network (Watts and Strogatz, 1998). Other networks 
can have scale-free properties characterized by a power law 
node degree distribution (or right skewed distribution) where 
just a few nodes have a disproportionately high degree 
(many connections) but the majority have a low degree (few 
connections) (Barabasi and Albert, 1999). In scale-free net- 
works, the rapid diffusion of information or disease across 
the network is facilitated by this small number of very well- 
connected nodes (hubs). 
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Definition of Network Metrics and Their Application in Shark Social and Spatial Networks 


Network Metric Definition 


Social Network Spatial Network 


Network Path 


level 


A route between any two 
nodes in a network 


Mean shortest path between 
all nodes in a network 


Average path 
length 


Diameter Longest path between any 
pair of nodes in the network 


(maximum path length) 


Number of edges present in 
the network as a proportion 
of the total possible number 
of edges (i.e., a network of 
density 1 has all nodes 
connected to all others) 


Group of nodes that are 
interconnected but with no 
connection/edge to the rest 
of the network 


Density 


Substructure | Component 


Subnetwork of interconnected 
nodes that are closer to each 
other than to other nodes in 
network space 


Cluster or 
community 


Number of other nodes 
connected to a node 


Sum of all edge weights 
connected to the node 


The proportion of all shortest 
paths between pairs of nodes 
on the network that pass 
through a given node 


Local level Node degree 


Node strength or 
weighted degree 


Betweenness 


Eigenvector —_ 
centrality 


Clustering _ 
coefficient 


18.1.2 Sampling a Network: 
Data Collection Methods 


Building networks is not an easy process and requires col- 
lecting a large amount of relational data (interactions or 
movements) under a robust sampling design. Many methods 
and approaches are available to collect data to construct a 
network, all of which hinge on the ability to individually 
identify sharks. Sharks can be identified using body color- 
ation, patterns, or fin notches, which are specific to each indi- 
vidual (Figure 18.4A). This technique of photo-identification 


Low average path length 
can indicate potentially fast 
information flow across a 
network. 


Low average path length means 
that an individual travels more 
rapidly and directly across their 
activity space because of the 
greater presence of shortcuts in 
the network. 


A population can be divided 
into two independent social 
groups (two components) 
with no connection 
between them. 


A group of sharks is more 
connected to one another 
than to others in the 
network. 


A seascape can be divided into 
two independent areas that are 
not connected by the movement 
of any individual sharks. 


Locations are more frequently 
connected by shark movements 
than they are with others from the 
seascape (perhaps because they 
are closer together). 


Number of locations that a node is 
connected to via movements 

Total number of incoming/outgoing 
movements from a node 


A location with high betweenness 
indicates that it is a crucial site for 
population connectivity. 


Number of a node’s social 
partners 


Sum of association indices 


An individual has particularly 
high betweenness 
centrality if it is the only 
bridge between two 
subgroups. If removed the 
network can split into two 
separate components. 


Sum of the centralities of an 
individual’s neighbors 


Sum of incoming/outgoing 
movements from a node weighted 
by the node strength of the node it 
is connected to; nodes with a high 
eigenvector centrality value have 
high node strength values and are 
connected to nodes with similarly 
high node strength values. 


Tendency of locations to be 
connected with other well 
connected locations 


Tendency for an individual’s 
close social partners to be 
associates with one 
another as well 


is non-invasive and has been used for many elasmobranch 
species (Marshall and Pierce, 2012; see also Chapter 12 in 
this volume) and to track shark and ray associations and 
movements, including blacktip reef sharks (Mourier et al., 
2012), spotted eagle rays (Aetobatus narinari) (Krause et 
al., 2009b), and even the sicklefin lemon shark (Negaprion 
acutidens), which has a rather homogeneous body coloration 
(Buray et al., 2009). However, other studies on species in 
which individuals are difficult to identify used externally 
attached visual color-coded tags (Figure 18.4C) (Guttridge 
et al., 2011; Jacoby et al., 2010) or fluorescent visible implant 
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Figure 18.2 The emergence of social and spatial networks from shark movements. Sharks moving between reefs from time t, to time t, 
create a directed and aggregated movement network made up of the frequency of movements of all individuals accumulated 
between reefs and through time. As sharks move in the seascape, their co-occurrences can be used to create a social net- 
work defined by the frequencies of associations between individuals in space and time. 


elastomer tags inserted subcutaneously on the dorsal surface 
(Figure 18.4B) (Jacoby et al., 2012c, 2014). Each species 
comes with its own challenges. Nevertheless, the difficulty 
in tracking sharks in the wild and the necessity to record 


Circular 


Small-world 


Figure 18.3 Examples of theoretical networks using a circle layout. 


repeated interactions has pushed the development of autono- 
mous tracking devices for inferring contact rates between 
individuals. The use of proximity loggers attached to individ- 
ual sharks has been employed in several studies (Guttridge 


Random 


Scale-free 
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UNAUTH bay 
~ 


Figure 18.4 Example methods for identifying individual sharks and tracking them in space and time, thus enabling networks to be con- 
structed: (A) coloration patterns or notches on a blacktip reef shark’s body used for photo-identification (see in 
this volume); (B) fluorescent elastomer tag inserted under the skin of a catshark to follow individuals in a captive environ- 
ment; (C) a small spaghetti tag inserted externally on the dorsal fin of a juvenile lemon shark with a unique code; and (D) 
a proximity logger attached to the dorsal fin of a juvenile lemon shark to measure fine-scale social interaction with tagged 


conspecifics. 


et al., 2010; Haulsee et al., 2016; Holland et al., 2009; 
Mourier et al., 2017a) to record every tagged shark encoun- 
tered within a certain proximity (F ). However, 
it is challenging to recapture the shark and retrieve the tag 
and data, so this method is often confined to semi-captive or 
more resident shark species. Deploying and retrieving prox- 
imity loggers on enough individuals to explore population- 
level social structure still remains a considerable challenge 
in this field. Acoustic telemetry has been proposed to track 
movements of tagged sharks and build social networks from 
their spatiotemporal co-occurrences within arrays of fixed 
acoustic receivers (Jacoby and Freeman 2016; Jacoby et al., 
2016). This method, however, requires careful interpretation 
of the data and robust analyses to tease apart preferred asso- 
ciations from random encounters under quite wide and often 
variable detection ranges (Mourier et al., 2017a). To date, 
acoustic telemetry (see in this volume) has mainly 
been employed to build movement networks in sharks and 
analyze the properties of the movement patterns in a pop- 
ulation (Espinoza et al., 2015; Jacoby and Freeman, 2016; 
Jacoby et al., 2012a; Lea et al., 2016; Lédée et al., 2015; 
Papastamatiou et al., 2015; Stehfest et al., 2015). 

Methods of sampling and constructing a social network 
can be either direct or indirect. Observers can identify and 
follow a focal individual within the population and record 


its interactions with others forming an egocentric social net- 
work. Separate egocentric networks can also be combined 
into a global network to explore population structure. This 
approach was taken by Wilson et al. (2015) with juvenile 
lemon sharks (Negaprion brevirostris) in a mesocosm in the 
Bahamas. For each network session, an individual shark was 
randomly chosen as a focal individual and tracked continu- 
ously for a predefined amount of time (i.e., 100 seconds), and 
its associations with the nearest group member (if present) 
were recorded every 10 seconds. Sharks were considered to 
be associating if they were within one body length of each 
other during the sampling interval. After an observation 
period was finished, another shark was chosen as the next 
focal individual until all individuals had been recorded so 
that they were all recorded for every session. 

Alternatively, a social network can be built on repeated 
samples of associations (co-occurrences) or interactions of 
dyads and can follow the “gambit of the group” approach, 
where groups are defined as co-occurrences of individu- 
als within a defined distance and sampling period. Such 
approaches have been used to construct social networks in 
blacktip reef sharks, where individual sharks were consid- 
ered as part of the same group if observed together during a 
dive (Mourier et al., 2012), or for constructing a network of 
white sharks (Carcharodon carcharias) aggregating around 
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a chumming boat (Findlay et al., 2016). How associations 
are defined; the frequency, duration, and interval between 
sampling periods; and the spatial area over which sampling 
takes place will be highly dependent on the characteristics 
of the species and system and require considerable thought, 
because all of these factors will directly influence the even- 
tual structure of the network. For visual observations, vari- 
ous association indices are designed to account for different 
sampling methodologies (e.g., the probability of encoun- 
tering one individual might differ from another at specific 
locations). As an example, the simple ratio index is used 
when observations are rarely missed and the half-weight 
index when individuals are frequently missed in samples. 
Using an inappropriate association index for the sampling 
method used might result in the artificial over- or under- 
representation of individuals in the network. Considerable 
developments have been made in recent years to control 
for biases associated with different sampling regimes and 
association indices. Haddadi et al. (2011) discussed how 
best to define an appropriate spatiotemporal sampling rate, 
and Mann et al. (2012) used social affinity indices to con- 
trol for demographic population changes and a 10-m chain 
rule to determine associations in a very long-term (22-year) 
dolphin social network. A thorough discussion of all appro- 
priate indices goes beyond the scope of this chapter; how- 
ever, more detail on how to choose an appropriate index can 
be found in Farine and Whitehead (2015), Whitehead and 
James (2015), and Hoppitt and Farine (2018). 

An intermediate approach can also be adapted using 
automated recording of individual movements, which offers 
a means to reconstruct social structure in intractable species 
from the frequency of paired spatial associations between 
tracked individuals. Using Bayesian inference, specifically 
Gaussian mixture modeling (GMM) approaches, an auto- 
mated approach explores the inherent structure present in 
the visitation profile of tagged animals. This machine learn- 
ing approach is used to detect the most likely clustering 
events in the time-series of tag detections (at an acoustic 
receiver, for example), and these clusters are then used as 
a basis for constructing a social network. Crucially, these 
clusters can vary in size temporally, reflecting the varia- 
tion expected in dynamic animal societies, and code offers 
built-in permutation tests to remove random co-occurrences. 
Jacoby et al. (2016) explored the utility of GMMs for retriev- 
ing inference on social network structure from telemetry 
data of spatiotemporal co-occurrences of tagged gray reef 
sharks (Carcharhinus amblyrhynchos), modifying the avail- 
able methodologies to extract additional behavioral informa- 
tion on the timing and directionality of dyadic interactions. 

Another important factor to consider alongside measures 
of association is information on the attributes of individu- 
als, such as phenotypic traits (e.g., sex, size, age) or details 
about individual state (e.g., personality, dominance rank, 
maturity). These attributes can be used to determine how 
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sociality and network structure are mediated by individual 
traits. Mourier et al. (2012) showed that blacktip reef sharks 
tended to group with individuals of a similar size and sex 
(homophily), similar to lemon sharks, which preferentially 
associate with size-match conspecifics (Guttridge et al., 
2009, 2011). 


18.1.3. Assumptions and Randomization Analysis 


When relational data have been gathered using the most 
appropriate sampling method for the question and species 
of interest, it is extremely useful to visualize the data to help 
guide further, more quantitative analyses. Network visual- 
ization is particularly compelling and intuitive and in some 
instances can generate informative patterns. It is important 
to remember that these observed networks typically repre- 
sent a subset of the true underlying relationships between 
individuals because network sampling rarely captures all of 
the nuances that dictate how individuals are likely to interact 
(Farine and Whitehead, 2015). In highly connected systems, 
there might be the temptation to threshold the data above a 
specific edge weighting in order to help reveal underlying 
structural characteristics that might be masked by a bird’s 
nest of connected nodes. It is crucial, however, to only use 
thresholding for visual exploration, in order to avoid mis- 
leading and inaccurate metrics or measures of community 
structuring (Farine and Whitehead, 2015). 

Because network data are inherently non-independent 
(i.e., the link between any two nodes is directly influenced 
by other links in the network), it is important to consider 
how to approach null hypothesis significance testing (Croft 
et al., 2011). To determine whether the patterns observed in 
visualizations are significant, it is important to compare the 
observed result (e.g., one or several metrics calculated from 
the observed data) to a distribution of that same metric from 
a large number of network permutations (Farine, 2017). For 
example, the movements of pigeye shark (Carcharhinus 
amboinensis) and spot-tail sharks (Carcharhinus sor- 
rah) between acoustic receivers in Cleveland Bay, Eastern 
Australia, were randomized to generate null spatial networks 
against which the coefficient of variation in the observed 
movement network was compared (Lédée et al., 2015). In 
spatial networks, these methods are designed to control for 
the bias introduced by the physical layout of the receivers 
from which data are generated. The subtleties of decipher- 
ing the most appropriate null model to use and deciding at 
which stage to permute the data (matrix permutation vs. data 
stream permutation), in addition to how to statistically deal 
with overlapping spatial and social processes, are explored 
in detail in a number of excellent papers that discuss the pros 
and cons of different statistical approaches (Croft et al., 2011; 
Farine, 2015, 2017; Farine and Whitehead, 2015; Furmston 
et al., 2015; James et al., 2009; Spiegel et al., 2016). Given 
that network structure can inform the emergence of crucial 
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ecological and evolutionary processes, such as sexual seg- 
regation or cooperative hunting, developing rigorous null 
models and factoring in the violation of statistical assump- 
tions in network data analysis is of upmost importance, as is 
the interpretation of the network. 

18.1.4 Interpretation and Output 
of Network Analysis 


The interpretation of any network should be approached 
with caution. First, is the sample size of the network suf- 
ficient to make population-level inferences? This is particu- 
larly important for SNA because networks with low numbers 
of individuals can be unreliable (Silk et al., 2015). Ideally, 
social analyses should incorporate as many members of 
a population as possible to capture the variability within 
social dynamics; indeed, missing individuals can have 
important consequences for the description of the structure 
of the population. Given that spatial network analyses are 
often driven by very different questions, robust results can 
sometimes be obtained from a smaller representative sample 
of the population. It is increasingly being found, however, 
that individuals within populations of sharks can exhibit 
substantial differences in movements and feeding behavior 
(Matich and Heithaus, 2015) as well as personality traits 
(Finger et al., 2016, 2017; Jacoby et al., 2014), which may 
necessitate larger sample sizes. 

Second, before interpreting the outputs of a network 
analysis, it is important to return to the original research 
question of the study and interpret the results in the context 
of this. For example, a network is simply a graphical rep- 
resentation of links between individuals or locations, and 
it can be built from any kind of random data. Therefore, 
before drawing conclusions about the social structure of a 
shark population it is crucial to verify whether or not the 
network is based on non-random associations between 
some individuals (i.e., preference and avoidance behavior). 
Random associations can result in considerable variation in 
association strengths among individuals and apparent social 
structure. For this reason, it is critical to compare observed 
patterns to the random model to test for true structuring 
within the population. Every interpretation should therefore 
be made in light of the initial ecological question or hypoth- 
esis being tested. 

For spatial networks, the resulting structure of aggre- 
gated networks, or the average of all individual movement 
networks, can be highly dependent on the number of indi- 
viduals included in the study. Indeed, the density of the net- 
work (i.e., the number of edges in the network divided by 
the total possible edges) or the centrality of a location is 
dependent on the diversity of individual movement strate- 
gies. Increasing the number of individuals in the analysis 
will consequently increase the number of different edges 
constituting the network. We envisage that developments in 
multilayer network approaches, which help to disentangle 
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the role of individual variability on connectivity, are likely 
to be an area of future interest in the field of networks in 
movement ecology. 


18.2 NETWORK APPLICATIONS 
IN SHARK BIOLOGY 

18.2.1. Shark Social Networks 
Over the past decade, our understanding of the mechanisms 
and functions that shape shark social lives has progressed 
rapidly (Jacoby et al., 2012b; Wilson et al., 2014). This is 
in part due to advances in remote monitoring devices, such 
as biotelemetry (e.g., acoustic telemetry) (see Chapter 8 in 
this volume) and biologging (e.g., archival loggers) (Hussey 
et al., 2015; see also Chapter 3 in this volume), but also to 
our ability to collect, handle, and analyze ever larger data- 
sets. The use of SNA has made important contributions to 
this improved understanding by providing a framework to 
quantify associations. To date, 18 studies have used SNA, 
with questions typically focused on whether sharks have 
non-random associations (see Table 18.2), and, if so, what 
attributes (e.g., sex, size) influence group joining decisions. 
Do these associations persist temporally or spatially? Just 
ten species have been used in these studies, but the focal 
species have varied considerably in body size, ranging from 
12-cm small-spotted catsharks (Scyliorhinus canicula) to 
400-cm great white sharks; life stage (neonates to adults); 
reproductive mode (oviparous to viviparous); and habitat 
types (temperate benthic to tropical reef-associated or 
pelagic). Importantly, the versatility of the SNA approach 
has also prompted the use of diverse data collection meth- 
ods, ranging from direct observations of social behaviors, 
such as nose to tail following (Guttridge et al., 2011) or 
tactile resting (Jacoby et al., 2010), to co-occurrences at 
provisioning or dive sites (Findlay et al., 2016; Mourier et 
al., 2012). 

More recently, triangulation of acoustic detections 
(Armansin et al., 2016), use of sharkborne proximity receiv- 
ers (Mourier et al., 2017a), and machine learning algorithms 
have been used to infer social associations from time-series 
data (Jacoby et al., 2016). Further, the temporal and spatial 
scales used to examine shark social networks have varied 
considerably. For example, the focal follows conducted by 
Wilson et al. (2015) on ten juvenile lemon sharks in a meso- 
cosm recorded their nearest neighbor every 10 seconds for a 
100-second sampling period; the study was completed in 8 
days. By contrast, Mourier et al. (2012) completed 190 dives 
over 2 years, recording co-occurrences of 133 blacktip reef 
sharks across seven locations spanning 10 km. To further 
explore the outcomes and SNA tool kits used by researchers 
working with sharks, the following section considers lab- 
based and semi-captive studies separately from those con- 
ducted on free-ranging species. 
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Table 18.2 Overview of Species of Elasmobranchs and Topics That Have Been Investigated Using Network Analysis 


Species Topic Method Conditions Refs. 
Social Network 
Blacktip reef shark Preferred associations, Observations, photo-ID Wild Mourier et al. (2012, 2017b) 
(Carcharhinus melanopterus) communities, assortment, 
robustness 
Bull shark Preferred associations Observations, photo-ID, Wild Loiseau et al. (2016) 
(Carcharhinus leucas) video recording 
Gray reef shark Preferred associations, Acoustic telemetry Wild Jacoby et al. (2016) 
(Carcharhinus amblyrhynchos) leadership, assortment 
Lemon sharks Preferred associations, Observations, visual Semi- Guttridge et al. (2010, 2011), 
(Negaprion brevirostris) assortment, familiarity, tags, accelerometers, captive and Keller et al. (2017), Wilson et 
leadership video recording, wild al. (2015) 
proximity logger 
Port-Jackson shark Preferred associations Acoustic telemetry, Wild Mourier et al. (2017a) 
(Heterodontus portusjacksoni) proximity logger 
Sand tiger shark Interactions Acoustic telemetry, Wild Haulsee et al. (2016) 
(Carcharias taurus) proximity logger 
Sicklefin lemon shark Preferred associations, Observations, photo-ID, Wild Brena et al. (2018), Clua et al. 
(Negaprion acutidens) communities, dominance video recording (2010) 
hierarchy 
Small-spotted catshark Preferred associations, Observations Captive Jacoby et al. (2010, 2012b, 2014) 
(Scyliorhinus canicula) personality, familiarity 
Spotted-eagle ray Preferred associations Observations, photo-ID Wild Krause et al. (2009a) 
(Aetobatus narinari) 
Spotted wobbegong shark Preferred associations Acoustic telemetry Wild Armansin et al. (2016) 
(Orectolobus maculatus) 
White shark Preferred associations Observations, photo-ID Wild Findlay et al. (2016) 


(Carcharodon carcharias) 


Australian weasel shark 
(Hemigaleus australiensis) 


Blacktip reef sharks 
(Carcharhinus melanopterus) 


Bull shark 
(Carcharhinus leucas) 


Caribbean reef shark 
(Carcharhinus perezi) 


Galapagos sharks 
(Carcharhinus galapagensis) 
Gray reef shark 
(Carcharhinus amblyrhynchos) 


Pigeye shark 

(Carcharhinus amboinensis) 
Silvertip shark 

(Carcharhinus albimarginatus) 
Sicklefin lemon shark 

(Negaprion acutidens) 
Small spotted catshark 

(Scyliorhinus canicula) 
Spottail shark 

(Carcharhinus sorrah) 
Tawny nurse shark 

(Nebrius ferrugineus) 
Tiger shark 

(Galeocerdo cuvier) 
Whitetip reef shark 

(Triaenodon obesus) 


Spatial Network 


Network properties 
Spatial partitioning 
Node centrality 
Network properties 
Bimodal network 
Spatial partitioning 
Network properties 


Node centrality, 
ontogenetic shifts in 
network structure 


Node centrality 


Sex differences in network 
properties, nutrient 
dynamics 

Spatial partitioning 

Node centrality 

Bimodal network 

Network properties 

Spatial partitioning 

Network properties 


Node centrality 


Node centrality 
Bimodal network 


Network properties 


Network properties 
Spatial partitioning 
Network properties 
Spatial partitioning 


Acoustic telemetry — 


Acoustic telemetry _— 


Acoustic telemetry — 


Acoustic telemetry _ 


Acoustic telemetry _ 


Acoustic telemetry _— 


Acoustic telemetry _ 
Acoustic telemetry _ 
Acoustic telemetry — 
Acoustic telemetry _— 
Acoustic telemetry _— 
Acoustic telemetry _ 
Acoustic telemetry _ 


Acoustic telemetry _ 


Heupel et al. (2017) 


Heupel et al. (2017), Lea et al. 
(2016) 


Espinoza et al. (2015) 


Jacoby et al. (2012a) 


Papastamatiou et al. (2015) 


Espinoza et al. (2015), Heupel 
et al. (2017), Lea et al. (2016), 
Williams et al. (2018) 


Lédée et al. (2015) 
Espinoza et al. (2015) 
Lea et al. (2016) 
Jacoby et al. (2012a) 
Lédée et al. (2015) 
Lea et al. (2016) 
Heupel et al. (2017) 


Heupel et al. (2017) 
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18.2.1.1 Lab and Semi-Captive Studies 


To date, two shark species, the lemon shark and small- 
spotted catshark, have been used in lab or semi-captive 
(1.e., exposed to ambient conditions with water exchange) 
experiments. Both species form groups, are abundant, 
and can be easily maintained in captivity (Guttridge et 
al., 2009; Sims, 2003). Jacoby et al. (2010, 2012c, 2014) 
conducted a series of experiments using juvenile and adult 
small-spotted catsharks. In the first study, social network 
structure, temporal stability, and activity profiles were ana- 
lyzed to examine the impact of introduced males on the 
social structure of four captive groups of mature female 
catsharks. Social networks were constructed from sym- 
metric tactile association behaviors (i.e., sharks resting in 
contact with each other) and by examining network mea- 
sures (eigenvector centrality, weighted degree, and aver- 
age path length; see Table 18.1) before and during male 
introduction; results showed that shark groups differed in 
their tendency to aggregate in a unisex environment and 
in social responses to male presence. In their next experi- 
ments, juvenile catsharks hatched in captivity provided 
greater numbers (N = 300) and the rare opportunity to 
manipulate the social environment and habitat of treatment 
tanks to examine preferred associations, repeatability in 
social behavior, and the role of familiarity and habitat type 
in aggregation formation. Randomizations revealed non- 
random associations, with familiar sharks forming more 
groups of greater size. Finally, network measures (e.g., 
clustering coefficient, reach) were employed to character- 
ize individual repeatability of social traits across habitats 
to explore social personality types. Keller et al. (2017) also 
investigated the potential role of familiarity in group for- 
mation and social behavior of juvenile lemon sharks using 
a remote camera and an automated tracking system, which 
allowed the inference of interactions between individual 
juvenile sharks moving around a holding pen. These exper- 
iments showed that juvenile lemon sharks preferred social 
interactions with familiar individuals. 

Building on this idea of behavioral phenotypes in shark 
social behavior, Wilson and colleagues (2015) used a novel 
fission—fusion model based on Markov chains to explain 
juvenile lemon shark social dynamics. Individual-level dif- 
ferences in sociality (leadership and network measures, such 
as node strength, weighted node betweenness, and weighted 
clustering coefficient) were determined for ten sharks across 
8 days of observations (Wilson et al., 2015). In addition, 
sharks were fitted with triaxial accelerometers to provide 
locomotor profiles (e.g., time spent fast/steady swimming) 
in a rare example of multi-tool approaches to quantifying 
social behavior. Interestingly, lemon sharks did not show 
consistency in their social network positions but preferred 
to associate with other individuals of similar locomotor pro- 
files. Although a small sample size and short study dura- 
tion likely limited the conclusions that could be drawn from 
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these results, the integration of SNA tools with accelerom- 
eters holds considerable promise for exploring the energetic 
benefits or costs to grouping. 


18.2.1.2 Free-Ranging Studies 


Patterns of association for wild sharks are difficult to quan- 
tify due to the concealing nature of their environment (Jacoby 
et al., 2012b). Taking advantage of shallow water and shel- 
tered mangrove inlets, Guttridge et al. (2011) explored the 
social structure of a population of juvenile lemon sharks in 
Bimini, Bahamas. Across 2 years, the social behavior (e.g., 
nose-to-tail following, circling) of 38 sharks was observed 
from wooden platforms and recorded at 2-minute intervals. 
Networks constructed at 10- and 60-minute sampling peri- 
ods (to avoid issues with independence) revealed that juvenile 
lemon sharks showed repeated social interactions, with group 
structure primarily explained by body length and possibly by 
preference for relatives but not sex. In addition, the research- 
ers also documented differences in leadership tendencies 
of sharks, with lead individuals usually being significantly 
larger than other group members (Guttridge et al., 2011). 

Mourier and colleagues (2012, 2017b) conducted an 
extensive study examining the social structure of a popula- 
tion of free-ranging blacktip reef sharks. Unique fin mark- 
ings were used to identify individuals, and dive surveys were 
completed at provisioned and non-provisioned sites. They 
incorporated community analyses (e.g., modularity matrix 
clustering technique) (Whitehead, 2008) and further use of 
lagged association rates and egocentric network measures 
(e.g., strength, eigenvector centrality, reach, clustering coef- 
ficient, affinity). Findings revealed the first evidence for com- 
munities in sharks which were characterized by non-random 
associations, with size and sex driving preferences in some 
locations. Interestingly, when spatial overlap was included in 
the analysis this explained much of the community separa- 
tion; however, this was not exclusive, suggesting active social 
preferences probably influenced associative patterns within 
communities (Mourier et al., 2012). More recent explora- 
tion of the data quantified impacts of node removal on the 
network properties and robustness to catch and release fish- 
ing. These simulations revealed that the global network was 
resilient and did not fragment, even when 25% of the indi- 
viduals were removed. Catch-and-release fishing conducted 
for 30 minutes after dives provided an interesting experi- 
mental component to this study, showing that the probability 
of capture of individual sharks decreased with an increasing 
number of sightings as well as with the individual’s experi- 
ence of capture (Mourier et al., 2017b). 

Direct observations were also used by Findlay et al. 
(2016) to monitor co-occurrences of 323 great white sharks 
in six locations across 6 years (2008 to 2013). This was the 
first attempt to examine the social preferences of a highly 
migratory pelagic species. Despite finding random asso- 
ciations in white shark social networks, the study further 
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highlighted the applicability of SNA to co-occurrence data 
and the opportunities for generating this type of data dur- 
ing ecotourism operations (Gallagher et al., 2015). A similar 
approach was also used to demonstrate non-random commu- 
nities based on affinities and residency patterns of sicklefin 
lemon sharks visiting a provisioning site in French Polynesia 
(Clua et al., 2010). 

Similar to the semi-captive experiments by Keller et al. 
(2017), remote cameras have recently been employed to track 
interactions between free-ranging individual adult sicklefin 
lemon sharks under an artificial food stimulus (Brena et al., 
2018). This technique allowed not only recording associa- 
tions between individuals around a food source but also the 
construction of a social hierarchy of the members of the net- 
work without human interference. In this case, individual 
sharks were free to come and interact with the food and 
other individuals. 

More recently, a handful of studies have explored the 
use of SNA to provide insights into shark social structure by 
examining data collected from acoustic tracking. Armansin 
et al. (2016) used spatial data obtained from fine-scale passive 
acoustic telemetry (VEMCO Positioning System, or VPS) to 
infer association preferences of 15 tagged wobbegong sharks 
(Orectolobus maculatus) over a 15-month period. Despite 
being presumed to be solitary, this species showed non-ran- 
dom casual and long-term associations. Home-range over- 
lap did not correlate with associations, but changes in social 
cohesion were documented before and during the breeding 
season. Similarly, Haulsee et al. (2016) found that male sand 
tiger shark (Carcharias taurus) interactions varied season- 
ally. Using implanted acoustic transceivers, they generated 
egocentric networks of con- and heterospecific interactions 
across a year. Networks were only visually depicted, how- 
ever, and neither randomization testing nor exploration of 
the network properties was conducted. 

Another exciting approach used Gaussian mixture 
models (GMMs) (see Section 18.1.2) (Jacoby et al., 2016). 
Using the number of times individuals co-occurred and 
the duration of these co-occurrences at different loca- 
tions, it was possible to make inferences about the leader- 
ship patterns within populations of wild gray reef sharks. 
SNA was used to analyze co-occurrence count and duration 
data, and leadership scores were based on the proportion of 
each individual’s degree, which was represented by an in 
degree value (for details, see Jacoby et al., 2016). This novel 
method for extracting social structure from acoustic track- 
ing data would benefit from validation with direct observa- 
tions. Given the vast passive acoustic receiver arrays that are 
maintained globally and the great diversity of species that 
can be equipped with tracking devices (Hussey et al., 2015), 
this method holds tremendous promise. 

Finally, Mourier et al. (2017a) explored the efficacy 
of three types of receivers (VEMCO VR2W; Sonotronics 
miniSUR and proximity receivers) differing in detection 
range to generate co-occurrence networks for a benthic 
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shark species. By using SNA, it was possible to compare 
networks across receivers effectively by examining the cor- 
relation between association indices and whether centrality 
rank was consistent across methods. Results revealed that 
VR2W receivers were not able to capture co-occurrences 
at an appropriate spatial scale to infer social associations 
for a relatively immobile species, the Port Jackson shark 
(Heterodontus portusjacksoni). Further, the consistency of 
individual social rank was not significant when comparing 
the network produced by the receivers with small ranges (10 
to 60 m) with those constructed with a larger range (400 
m). This study highlights the importance of considering the 
ecology of the study species and defining the scale of bio- 
logically meaningful interactions between individuals. 


18.2.2 Shark Movement Networks 


Recently, the use of network analysis to study animal spa- 
tial ecology has gained momentum (Jacoby and Freeman, 
2016). This section reviews researchers who have exam- 
ined shark space use, movement, habitat use, and drivers of 
shark movement using various network analysis techniques. 
It is worth noting that, to date, most studies have used net- 
work analysis in combination with passive acoustic telem- 
etry to understand shark movement networks. Network 
analysis enables the exploration of shark movement and 
space use particularly, as the visualization tools associated 
with network packages are so intuitive and versatile. For 
example, Jacoby et al. (2012a) and Lédée et al. (2015) used 
spring embedding algorithms, which sort randomly placed 
nodes into a desirable layout that satisfies the aesthetics 
for visual presentation (e.g., symmetry, non-overlapping 
nodes) to visually compare changes in Caribbean reef shark 
(Carcharhinus perezi) and pigeye shark (Carcharhinus 
amboinensis) space use, respectively. Ontogeny was identi- 
fied as a possible explanation for the observed changes in 
Caribbean reef shark space use, whereas responses to acute 
changes such as the influence of freshwater was a promi- 
nent feature of pigeye shark space use. Using centrality 
metrics, researchers can further capture distinct aspects of 
a location’s importance in network space and distinct patch 
use (Jacoby and Freeman, 2016; Nicol et al., 2016). Single 
or multiple metrics might be used to determine the most 
important patches and the differential use of patches in the 
network depending on the research question. 

Three studies have used descriptive network statistics 
to examine the space use of sharks. Degree (Jacoby et al., 
2012a), eigenvector (Stehfest et al., 2015), and a combina- 
tion of centrality metrics (i.e., node strength, closeness, and 
eigenvector; see Table 18.1) (Lédée et al., 2015) are among 
the tools that have been used to determine the most impor- 
tant patches and examine their use within networks. Using 
degree, Jacoby et al. (2012a) demonstrated segregation 
in core patches and movements between male and female 
small-spotted catsharks. Stehfest et al. (2015) used the 
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eigenvector to examine the movement network of broadnose 
sevengill sharks (Notorynchus cepedianus) and found male 
and female spatial segregation, with each sex using a differ- 
ent core area. Finally, by combining node strength, close- 
ness, and eigenvector, Lédée et al. (2015) defined the core 
and general use areas of two nearshore shark species and 
identified the importance of movement corridors within core 
areas for both species. 

Observed individual spatial networks can also be com- 
pared to simulated networks that have known structural 
properties (i.e., circular, small-world, and scale-free net- 
works; see Figure 18.3) to examine individual movement 
patterns within the landscape. To date, only one study has 
used this technique (Heupel et al., 2017). This study found 
that the movement of gray reef (Carcharhinus amblyrhyn- 
chos), blacktip reef (Carcharhinus melanopterus), whitetip 
reef (Triaenodon obesus), tiger (Galeocerdo cuvier), and 
Australian weasel (Hemigaleus australiensis) sharks within 
the Great Barrier Reef exhibited small-world and scale-free 
properties. These characteristics facilitate dispersal through 
alternative pathways (small-world) and enhance resilience 
to random disturbances (scale-free) (Fortuna et al., 2006; 
Minor, and Urban, 2008). 

In the context of habitat use, two types of habitat net- 
work can be created—unimodal or bimodal—which have 
been touched on briefly in previous sections. Unimodal 
habitat networks represent the movement of individuals, a 
population, or species between habitat types and may be 
used to examine habitat use. Bimodal habitat networks rep- 
resent how frequently habitat types (i.e., first set of nodes) 
are used during a specified period (i.e., second set of nodes, 
such as monthly, seasonally; see Figure 18.2) (Borgatti, 
2012; Opsahl, 2013), thus allowing the examination of habi- 
tat preferences. To date, three studies have used network 
analysis to examine how habitats can drive the movement 
network structure of shark species and wider ecological 
processes. Williams et al. (2018) constructed the movement 
networks of gray reef sharks at Palmyra Atoll in order to 
quantify the distribution of pelagic-derived nitrogen onto 
the reef ecosystem and track where precisely these nutrients 
are deposited thereafter. Using tagged sharks to extrapo- 
late to the population, gray reefs appear to contribute sub- 
stantially to reef primary productivity, particularly on the 
forereef. Papastamatiou et al. (2015) quantified the habitat 
use of Galapagos sharks (Carcharhinus galapagensis) at a 
Hawaiian atoll by measuring the degree and betweenness 
centrality metrics in unimodal habitat networks. Deep habi- 
tats within the atoll were found to be more important for 
Galapagos sharks than the shallow habitat surrounding the 
atoll. Finally, Lea et al. (2016) measured node strength and 
betweenness and edge density from unimodal habitat net- 
works to examine the habitat use of silvertip (Carcharhinus 
albimarginatus), gray reef (Carcharhinus amblyrhyn- 
chos), blacktip reef (Carcharhinus melanopterus), tawny 
nurse (Nebrius ferrugineus), and sicklefin lemon sharks 
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(Negaprion acutidens) in the Seychelles. Habitat use varied 
among species, with blacktip reef and lemon sharks using 
mostly lagoon areas and gray reef and silvertip sharks using 
mainly coastal reefs and drop-offs. Tawny nurse sharks 
showed habitat segregation by size within the atoll, as small 
individuals were found inside the lagoon and large individ- 
uals outside (Lea et al., 2016). 

Approaches such as the multiple regression quadratic 
assignment procedure (MRQAP), a variant of the Mantel 
test with multiple factors, and mixed effect models can help 
to evaluate the influence of biological and environmen- 
tal factors on movement and habitat network structures by 
incorporating node attributes (Dekker et al., 2007; Pinter- 
Wollman et al., 2014) and network metrics into the models, 
respectively. Only one study has used MRQAP (with the 
double-Dekker semi-partialing method) to examine fac- 
tors influencing shark movement. Jacoby et al. (2012a) used 
MRQAP to study the influence of inshore vs. offshore loca- 
tions, mean depth, and habitat complexity on the movement 
of female and male small-spotted catsharks. 


18.2.3 Limitations of Network Analyses 


Despite the successful contribution of network analysis to 
understanding shark ecology, it is important to acknowl- 
edge the current limitations. For example, as automated 
and indirect methods are being used increasingly to infer 
sociality rather than measuring it with direct observations, 
it is critical to understand and test the assumptions under- 
lying the different approaches. Importantly, network-based 
tools are being used in studies of movement ecology (see 
Section 18.2.2), and statistical methods are already emerg- 
ing (Jacoby et al., 2016; Spiegel et al., 2016). Most spatial 
network studies reviewed here used passive acoustic moni- 
toring to examine shark movement, which is well suited to 
network analysis due to the use of discrete moored acoustic 
receivers as nodes, but that limits interpretations to specific 
or local areas. For large migratory species of sharks, acous- 
tic monitoring studies only provide a local snapshot of their 
movements, with some critical behavior taking place beyond 
the limits of the acoustic array in place. For more localized 
species or those that show considerable site fidelity, care- 
ful consideration should be taken when choosing what a 
node represents to allow comparison between individuals or 
between species. Therefore, it is crucial to ensure that the 
design of any array of receivers is tailored to the species 
studied and the ecological question investigated (e.g., small- 
scale social behavior vs. large-scale migratory routes that 
require acoustic gates), in addition to accounting for land- 
masses that will influence the timing and directionality of 
transitions between some of the receivers. 

Network analysis provides a simple way to display com- 
plex processes that instantly reveal information on spatial 
and temporal changes in animal space use (Jacoby et al., 
2012, Lédée et al., 2015). However, compared to traditional 
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analyses, network analysis does not estimate activity space 
or provide an exact match of individual core use areas 
measured using kernel utilization distribution or Brownian 
bridge, as shown in Lédée et al. (2015). Therefore, although 
network analysis alone is useful in providing information 
on animal patterns, combining traditional and network 
analyses will provide a more comprehensive picture of ani- 
mal movement (Bascompte, 2007). Furthermore, caution 
should be used when selecting metrics to answer specific 
questions and interpreting results from networks with low 
numbers of nodes and connections; for example, to reiter- 
ate, the precision of betweenness and clustering coefficient 
declines as the number of nodes decrease (Silk et al., 2015). 
Also, missing data (e.g., low acoustic receiver coverage in 
acoustic monitoring studies, unknown habitat use in mark— 
recapture studies) may influence measures of movement 
between locations or habitat types (Silk et al., 2015). Thus, 
with limited or missing data the use of network analysis 
may not adequately represent animal movement, and tra- 
ditional analyses may be more suited (Whitehead, 2008). 
It is also worth remembering that interactions are likely 
to occur between tagged and untagged individuals, and, 
although these cannot be measured, some discussion about 
how representative a sample of tagged sharks can be for a 
given species or location is useful. 

Networks are a static representation of movement or 
habitat use ignoring the temporal dynamics of movement 
(Cumming et al., 2010; Stehfest et al., 2015). Where pos- 
sible, temporal dynamics must be taken into consideration 
when examining the movement of animals, and compari- 
son with other methods may be crucial to validating each 
approach. Within a movement network, pathways (edges) 
between acoustic receivers (nodes) are created regardless 
of the time taken for a shark to travel from one receiver 
to the next, which is misleading if data are missing for 
long periods (e.g., outside of receiver range). Furthermore, 
approaches such as MRQAP require detailed information 
at the node level. Telemetry data often lack information on 
environmental factors where and when the individual was 
detected given the often large detection range. Providing 
more accurate information about movement and environ- 
mental factors at the time the individual was present in the 
area could be used to refine conservation and management 
measures (Hastings et al., 2011). 

Movements in the marine environment are three dimen- 
sional (i.e., include depth); they are constrained by spatial 
features in both the horizontal and vertical plane and there- 
fore rarely follow a straight path. Movement between two 
locations or habitat types within a network are shown as a 
straight path (Stehfest et al., 2015; Tremblay et al., 2006) and 
so are unrealistic in most situations. Improved visualizations 
that demonstrate or account for the variability in path ori- 
entation or duration will no doubt help resolve this issue to 
some extent, although quantitative analyses will also have to 
factor this in. 
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18.3 FUTURE DEVELOPMENTS 
AND RESEARCH DIRECTIONS 


18.3.1 Technological Challenges 
and Developments 


The field of network analysis is progressing rapidly with 
improvements in technology and analytical methods. For 
example, much more detailed inferences about the social 
networks of sharks and rays would be obtained using a 
combination of mobile receivers (e.g., WEMCO Mobile 
Transceiver, or VMT) recording the tagged individuals 
encountered within a reduced range (Mourier et al., 2017a) 
and efficient data transfer to fixed listening stations (Holland 
et al., 2009). Alternatively, proximity receivers could com- 
municate with other animal-borne devices to provide the 
location of the animal in addition to remotely transfer- 
ring the data from the proximity logger. This idea is cur- 
rently under development such that a VMT communicates 
with Service Argos via Bluetooth to remotely transmit data 
(Lidgard et al., 2014), offering an exciting opportunity for 
future research on shark sociality. Proximity loggers are 
likely the most accurate method to infer small-scale interac- 
tions in marine animals, but technological drawbacks (e.g., 
battery life, compatibility between manufacturers, retrieval, 
download duration) still weaken their effectiveness. 

The use of multisensor tagging will provide complemen- 
tary information that can be integrated into more detailed 
network analyses. Promising technological developments 
such as Encounternet’s adaptation to the marine environ- 
ment (Tentelier et al., 2016) will benefit social interaction 
studies of sharks. This will require the development of (1) a 
set of small acoustic tags that emit individually coded signals 
and record signal and distance from other tags; (2) a set of 
fixed base stations that record encounters with tags, upload 
the logs stored in the tags’ memory, and transmit informa- 
tion between tags and the third component of the system; 
and (3) an interface between the user and the system (e.g., a 
WiFi system transmitting the data to a land-based computer) 
that collects the data from the base stations (Figure 18.5A). 

New technology can also help in developing remote moni- 
toring of interactions between sharks. Automated underwater 
vehicles (AUVs) (see Chapter 6 in this volume), such as glid- 
ers or drifting robots (Figure 18.5B,C), can record interac- 
tions at sea if they are fitted with acoustic receivers (Blonder 
et al., 2012; Haulsee et al., 2015, 2016). The recent devel- 
opment of unmanned aerial vehicles (UAVs) (Kiszka et al., 
2016; see also Chapter 4 in this volume) can provide a means 
to track shark movements and interactions (Figure 18.5D), 
although battery life issues limit the time scales for sampling 
as well as the ability to clearly identify individuals. The use 
of underwater animal-borne cameras (see Chapter 5 in this 
volume) can provide data on interactions with other individu- 
als as well as the environmental context of interactions using 
on-board sensors. This technology will be especially useful 
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Figure 18.5 Emerging technologies for shark interaction monitoring: (A) Encounternet-like system would track shark encounters auto- 
matically; (B) glider automated underwater vehicle able to record tagged sharks at sea; (C) a surfing robot with similar 
abilities; (D) unmanned automated vehicle, a drone to track shark interactions from the air; and (E) animal-borne cameras 
attached to a dorsal fin potentially able to capture interactions with other known sharks using photo-identification. 


in species where individuals can be distinguished by photo- 
identification, such as blacktip reef sharks (Figure 18.5E) 
(see Chapter 12 in this volume), providing a novel method 
for obtaining an egocentric network. Finally, citizen science 
programs at dive tourism sites can help in collecting data on 
interactions within shark aggregations, especially for species 
amenable to photo-identification (Andrzejaczek et al., 2016; 
see also Chapter 16 in this volume). 


18.3.2 Analytical Challenges and Developments 


Network approaches are still relatively new in shark ecology, 
and the field remains predominantly focused on determining 
appropriate sampling methodologies, but many other chal- 
lenges remain. Analytical developments will be critical for 
allowing researchers to make more of the data (and technolo- 
gies) that are currently available. This is in part because some 


of the logistic limitations, such as the speed of remote down- 
load from the animal to the receiver of logged environmental 
or social data, will likely remain for some time to come. 
There are two key analytical considerations regarding 
the aggregation of data prior to constructing a network. First 
is the temporal aggregation of data, and there are several 
approaches that can be used to compensate for the aggrega- 
tion of samples through time (i.e., data gathered over months 
or years represented as a single network), including using 
intervals more relevant to the biology and ecology of the 
species studied or using time-ordered networks that con- 
sider repeatable patterns in network structure through time 
(for details, see Blonder et al., 2012; Snijders et al., 2010). 
For example, networks can be created at different temporal 
scales to incorporate the relevant temporal dynamics of the 
species’ movements. A recent instructive paper by Farine 
(2018) clearly details when and why a researcher might wish 
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to use a dynamic over a static network approach, and we 
hope that such guidelines like this will encourage greater 
use of dynamic networks in shark ecology. 

The second consideration is the aggregation of subsets of 
individuals, which is predominantly an issue for movement 
networks. For example, shark movements can be highly vari- 
able both within individuals during ontogeny (Matich and 
Heithaus, 2015) and across individuals within a population 
(e.g., Espinoza et al., 2016), but movements are often aggre- 
gated across the full or subsets of the population (e.g., sexes). 
Multilayer networks will likely play a role in providing new 
network metrics for networks that operate at multiple lev- 
els, such as interspecific networks of movement and social 
behavior. By considering each shark as a separate layer in 
a multilayer network we can explore the role of individual 
movements on habitat connectivity and flow using a more 
suitable framework. Indeed, these approaches should have 
considerable impact on the burgeoning research on individual 
specialization, personality traits, and cognitive variation in 
sharks (Finger et al., 2017; Guttridge et al., 2013; Jacoby et al., 
2014; Matich et al., 2011) in addition to defining new research 
directions. One promising avenue might consider the role of 
social behavior in the development of cooperation and social 
hunting strategies among pelagic sharks relying on diffuse 
prey fields (Lang and Farine, 2017). 


18.3.3 New Ideas and Future 
Research Questions 


18.3.3.1 Social Networks 


The use of SNA has revealed complexities in the social lives 
of sharks; however, we have only just scratched the surface 
of what is possible given integration of SNA with other tools. 
For example, in addition to the biotelemetry and biologging 
techniques discussed above, stable isotope analysis (SIA) 
(see Chapter | in this volume) could be incorporated to add 
isotopic niche as a node attribute within a social network, 
helping unlock the role of foraging in the social behavior of 
sharks. Tissues (e.g., whole blood, plasma, muscle, skin) have 
different turnover rates and can inform variation in resource 
or habitat use across short and long time scales (Hussey et 
al., 2012). Where and what an animal eats can have impor- 
tant implications for social interactions, especially when 
considered in parallel with body condition or nutrition 
(Senior et al., 2016). In addition, Wilson et al. (2015) used 
accelerometers (see Chapter 3 in this volume) to generate 
locomotor profiles for juvenile lemon sharks simultaneously 
while collecting social data. This is a powerful approach as 
sharks could assort by energetic profiles or energy budgets, 
and it is now possible to use acoustic tracking devices that 
have inbuilt accelerometers and pressure sensors (Shipley et 
al., 2017). Thus, in theory it would be possible to add some 
context to social interactions, such as during resting, fast 
swimming, or steady swimming. 
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Further, with improved husbandry and careful selec- 
tion of the study species it is possible to have enough sub- 
jects to manipulate and replicate networks. Only through 
controlled experiments will social networks be able to 
provide definitive causative evidence for socially mediated 
mechanisms underpinning evolutionary processes (Farine 
and Whitehead, 2015). Numerous small-bodied, abundant 
species could provide tractable models of behavior, such 
as Port Jackson sharks (Mourier et al., 2017a) and gummy 
sharks (Frick et al., 2010). Furthermore, experimental stud- 
ies that validate the indirect methods for assessing social 
interactions and elucidate the mechanisms underpinning 
associations are particularly important. Species such as 
juvenile lemon, Port Jackson, and blacktip reef sharks are 
accessible for direct observation as well as acoustic track- 
ing methods, allowing dedicated validation studies. As 
discussed in Mourier et al. (2017a) sharks can socialize in 
different ways, so testing methods on species that exhibit 
variation in sociality (e.g., resting, schooling) will ensure 
that inference methods are applicable to a broader number 
of species. 


18.3.3.2 Spatial Networks 


Recent advances in telemetry have allowed researchers to 
monitor long-term social behavior and movement patterns 
of multiple species over vast areas (Espinoza et al., 2015). 
Animal movement and space and habitat use are often 
explained only using biological and environmental factors, 
rarely including individual variation (Nathan et al., 2008). 
Behavior, fitness, and social position within the population 
can influence individual movement and generate a more 
comprehensive picture of how populations may respond to 
changes to their environment and what this means for their 
conservation (Snijders et al., 2017; Spiegel et al., 2017). 
Therefore, combining social and spatial network analysis 
using movement multilayer networks, for example, can pro- 
vide a better understanding of spatial patterns in shark ecol- 
ogy, allowing differentiation between spatially driven social 
processes and social-mediated movement patterns. 

Recent advances in biological and environmental sen- 
sors provide new opportunities to combine these sensors 
with tags or receivers. Receivers could record not only 
individual identification and time and date of detection but 
also the environmental conditions at the time of detection. 
Several (acoustic) tags that enable this are already commer- 
cially available (e.g., VEMCO VI6TP). Furthermore, a habi- 
tat or video survey or remotely sensed environmental data at 
node locations could be gathered to obtain more information 
about an individual’s habitat which could then be included 
in the analyses. 

Networks often ignore the temporal dynamics or three- 
dimensionality of movement. To allow for this, information 
on maximum speed of a species could be used to create the 
network. Observed speed can be calculated for each edge and 
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added to attributes. Then, using an edge threshold analysis 
any edge with a value greater than the maximum speed of a 
species could be removed to obtain a more realistic network. 
Furthermore, standardizing edge length with actual distance 
between nodes constrained by spatial features (e.g., land, 
coral reefs) or the use of multilayer networks to incorporate 
depth information from tags might provide a better represen- 
tation of paths used by individuals. 

Finally, most studies often focus on a single species of 
shark or areas without considering interactions among spe- 
cies (for a rare example, see Espinoza et al., 2015) or the threat 
status of the species. The affordability of the tracking tech- 
nologies and easier online access to the data greatly facilitate 
the establishment of collaborative efforts over larger areas 
(Hussey et al., 2015). The challenge here is how best to stan- 
dardize the design of the movement networks across the dif- 
ferent study areas and array designs for useful comparisons. 
One possible solution is to create a grid that covers all of the 
areas of interest (Dilts et al., 2016), with each grid represent- 
ing a node within the movement network. Another possible 
solution would be to create networks for each area of inter- 
est separately and compare standardized network properties, 
looking at degree correlations for example. 


18.3.4 Applications for Management 
and Conservation 


Network analysis provides a toolbox of methods that can be 
used to assess and model risks such as habitat loss and frag- 
mentation, climate change, and fisheries exposure and can 
help design and evaluate the effectiveness of management, 
thus guiding improved conservation practices (Borrett et al., 
2014; Cummings et al., 2010; Galpern et al., 2011). Using 
centrality metrics, the importance of each patch (node) or 
corridor (edge) in maintaining or contributing to landscape 
connectivity can be determined to help prioritize areas for 
management and conservation (Nicol et al., 2016; Rayfield et 
al., 2016). For example, species habitat fragmentation can be 
identified by looking at communities using metrics such as 
component and cluster (Table 18.1). Knowing how habitats 
are connected or fragmented can help inform management 
plans to protect clusters of habitat, stepping stones, and cor- 
ridors (Bodin et al., 2006; Thomas et al., 2014). Degree and 
node removal analyses can be used to examine population 
source and sink dynamics to identify potential corridors that 
may aid in species restoration (Trem] et al., 2008). Finally, 
seascape connectivity can be measured by determining hab- 
itat availability and dispersal probabilities between habitat 
patches to help design or evaluate effectiveness of marine 
protected area networks (Espinoza et al., 2015; Engelhard et 
al., 2017). Using patch and edge removal or edge threshold- 
ing analyses, the role these patches and corridors have in 
maintaining connectivity in the landscape can be examined 
under different patch- and edge-loss scenarios. The advan- 
tage of these methods is that researchers can simulate the 
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destruction of patches or corridors and rank them by their 
contributions to landscape/seascape connectivity, thereby 
allowing managers to make decisions based on which 
patches and corridors are most critical to connectivity 
(Kurvers et al., 2014), not just for one species but multiple 
species within the same landscape. 

Alternatively, network analysis can be used to assess 
management and conservation plans. For example, network 
analysis can inform managers about fishing activity pat- 
tern. Martin et al. (2017) used reservoir (i.e., node) removal 
analysis to examine the differences in participation among 
anglers within a regional fishery and assess resilience of the 
regional fishery to disturbance (e.g., disease, invasive spe- 
cies etc.). Network analysis can also evaluate the efficacy of 
species protection efforts across borders. Treml et al. (2015) 
compared species dispersal networks with institutional net- 
works across multiple countries within the Coral Triangle 
to determine if species dispersal was adequately protected 
in the institutional network. In doing so, they identified dis- 
crepancies between ecological processes and their gover- 
nance. Finally, network theory can be applied in a social 
science capacity to better understand the spread of infor- 
mation among fishermen and better manage resources (see 
Chapter 17 in this volume). Using these approaches, Barnes 
et al. (2016) found that enhanced communication channels 
across segregated fisher groups could have prevented the 
incidental catch of over 46,000 sharks between 2008 and 
2012 in a single commercial fishery. 

The use of social network analysis can be profitably 
applied by wildlife managers and conservationists to, for 
example, identify changes in animal interactions or con- 
nectivity within a population and identify warning signs of 
detrimental changes (Snijders et al., 2017). Spatial tracking 
in combination with network analysis can help identify both 
locations and individuals that form crucial social bridges 
between subpopulations, as social connectivity likely con- 
tributes to effective spatial connectivity. The fragmentation 
of habitats after an anthropogenic perturbation can reduce 
encounter rates, which can likely induce changes in social 
interactions or mate choice options. As such, monitoring the 
interaction network within a shark population before and 
after a perturbation can help managers to predict potential 
changes in population viability. Additionally, managers can 
test whether a shark population is resilient to selective har- 
vesting. Mourier et al. (2017b), for example, tested whether 
the social connectivity within a population of blacktip reef 
sharks would be robust to both selective harvesting and ran- 
dom individual removal. They found that the structure of 
the networks makes the population relatively robust to such 
perturbation. 

Network analysis is advantageous for developing, guid- 
ing, and assessing management measures. It allows for 
the assessment of species movement and behavior and for 
predicting the consequences of anthropogenic and natural 
disturbances by testing and experimenting on a variety of 
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species at different scales and under multiple scenarios. 
Finally, it allows for the assessment of management and con- 
servation plans across borders. 


18.4 SUMMARY AND CONCLUSION 


Network analyses are increasingly being used in shark 
behavioral ecology. Here, we present a broad overview of 
the utility and challenges of applying network analyses and 
describe the early progress this field has had in informing 
shark behavior. Developments in SNA across other taxo- 
nomic groups (particularly in terrestrial systems) continue to 
help guide and inform the tools available for studying under- 
water social networks in conjunction with advances in track- 
ing technologies. At present, the number of studies adopting 
these approaches remains relatively small; however, we hope 
that this chapter helps stimulate ideas and research direc- 
tions that continue to push for developments in shark net- 
work ecology. Importantly, new social or spatial network 
studies on different species and systems will certainly con- 
tribute to improving the understanding of the main drivers 
affecting the evolution of social behavior in sharks and rays 
as well as their spatial ecology. This in turn will provide 
researchers with much-needed information to take a more 
informed and location-specific approach to their conserva- 
tion. We are excited by the burgeoning developments in this 
area, by how these developments might guide the design of 
new technologies, and ultimately by the impact this holistic 
approach might eventually have on shark conservation. 
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19.1 INTRODUCTION 

Telemetry and biologging approaches are commonly used to 
understand the movement ecology, spatial use, and behavior 
of marine vertebrates (Hays et al., 2016). For species with 
wide-ranging and unpredictable movement patterns (e.g., 
many pelagic sharks), satellite-linked telemetry devices 
are usually required to remotely monitor their movements 
through time and in the three-dimensional space of the 
open ocean or coastal areas they inhabit. By instrument- 
ing an animal, researchers make an assumption that the 
data collected by the tag are representative of the “true” 
or “normal” behavior of the targeted species in the wild. 
However, issues associated with the technology (e.g., spa- 
tial error, uplink rate), sample design (e.g., whether or not 
instrumented animals are representative of the population 
as a whole), behavior of animals in response to the presence 
of the tag, and analytical methods applied to the data can 
affect the accuracy and robustness of results and ultimately 
our interpretation of biological patterns. In this chapter, we 
review the range of satellite tags available for sharks and 
rays, methods of attachment, study design, types of data 
these tags provide, and the methodologies for analysis and 
application of data collected by satellite telemetry. This 
information will assist researchers in tag selection, data 
processing, and analysis and provide insight into emerg- 
ing technologies and new directions for the field of satellite 
telemetry applied to sharks and rays. 


19.2 TYPES OF SATELLITE TAGS 


19.2.1 Satellite-Linked Transmitters 

Satellite-linked transmitters are widely used to track the 
large-scale (hundreds to thousands of kilometers) horizontal 
movements of a range of animals in marine systems. Because 
satellite tags rely on radio signals to communicate with satel- 
lites, and these signals are rapidly attenuated in water, this 
approach is often focused on species that spend time at the 
sea surface. However, tag models that archive data and delay 
transmission to satellite networks until they detach from ani- 
mals and float to the surface (such as PSAT tags, discussed 
below) are also often used for animals such as sharks and 
tunas that may only rarely or never break the surface during 
day-to-day movements. Satellite tags deployed on animals 
frequenting the surface of the ocean use polar-orbiting satel- 
lites from the Argos system (http://www.clsamerica.com/) to 
relay locations at near real-time. The satellites in the Argos 
system orbit at an altitude of 850 km, have a footprint of 
5000 km, and complete their orbital revolution in approxi- 
mately 100 minutes, passing over the poles approximately 14 
times per day (http://www.argos-system.org). Wet—dry sen- 
sors incorporated into the tag indicate when the tag is out of 
the water (dry), triggering periodic message transmission of 
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short radio signals (typically for 360 to 920 msec at an inter- 
val of around 60 sec and frequency of 401.650 mHz) that are 
received by passing satellites (Argos, 2016; Hays et al., 2001). 
Locations are calculated from all messages received during a 
satellite pass using the Doppler shift, which is the change in 
frequency of transmissions received by a satellite during its 
approach and when the satellite moves away from the trans- 
mitter (Argos, 2016). 

Prior to 2011, Argos used a position algorithm based on 
least-squares analysis that provided locations and an associ- 
ated estimated error radius for positions received from four 
or more messages. When fewer than four messages were 
received, the Argos system was unable to estimate accuracy 
for the location provided. In 2011, Argos implemented the 
Kalman filter (Harvey, 1990) algorithm for location process- 
ing that processes locations based on one message per satellite 
pass, providing an error ellipse for all locations. This accounts 
for the anisotropy of errors as a result of the satellite polar 
orbit and provides greater location accuracy (McClintock et 
al., 2015). Users may now choose between the two algorithms; 
however, Argos recommends using the Kalman filter for its 
improved accuracy and increased number of usable locations, 
although noting that the least-square methods is still useful 
for very long time series spanning many years (Argos, 2016). 

Argos locations are assigned a location class (LC) of 3, 
2, 1, 0, A, B, or Z, indicating the level of spatial accuracy in 
the estimates of latitude and longitude. Location classes 3, 
2, 1, and 0 are only provided when four or more messages 
are received from the tag. Location class A is provided when 
three messages are received and location class B when only 
one message is received, and Z represents a failed attempt 
to obtain a location, although a location estimate is pro- 
vided. The Argos system indicates that the estimated errors 
in latitude and longitude for each LC are <250 m for LC 3, 
between 250 and 500 m for LC 2, between 500 m and 1500 
m for LC | and >1500 m for LC 0, with a non-guaranteed 
accuracy for LC A and LC B (Argos, 2016). However, field 
tests of Argos location error in double-tagging (GPS and 
Argos) experiments show that estimated error values may 
vary greatly (Costa et al., 2010; Hoenner, 2012; Vincent et 
al., 2002). The short and intermittent durations of surface 
behavior mean that satellite-linked transmitters deployed on 
sharks report location estimates with a high proportion of the 
least accurate location classes (LC 0, A, B), corresponding to 
mean errors of 3.03 to 11.48 km (Costa et al., 2010; Hays et 
al., 2001; Hazel, 2009; Hoenner, 2012; Vincent et al., 2002). 
Additionally, location estimates are often sparse in time. 

Other common issues in deployments of tags on sharks 
include low coverage of satellites in some areas, such as the 
tropics, where satellite passes are much less frequent than 
in higher latitudes (Hoenner et al., 2012; Vincent et al., 
2002); sensor and antenna damage and biofouling (Hays et 
al., 2007); and premature tag shedding due to failure of the 
tag attachment (Hays et al., 2007), animals rubbing against 
structures or the bottom, other animals attacking tags, or 
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deep-diving and activating the release mechanism (see 
Section 19.3). Together, these issues tend to result in datasets 
with large spatial error (low-accuracy LC) and large tempo- 
ral data gaps. For example, satellite tag deployments on tiger 
sharks on average provided just one or fewer location esti- 
mates per day across all deployments (Ferreira et al., 2015; 
Fitzpatrick et al., 2012). Fastloc® Global Positioning System 
(GPS) transmitters (see description in Section 19.2.3) may 
resolve some of these issues with faster transmission rates 
(<100 msec) and more accurate location estimates («<50 m); 
however, the high cost of this technology (approximately 
double the cost of traditional Argos tags) remains prohibi- 
tive for many researchers. The typically low spatial and tem- 
poral resolution of shark tracking data must be addressed 
during processing and analysis (see Sections 19.4 and 19.5). 
The problem of biofouling can be minimized with nontoxic, 
nonmetallic antifouling agents (Hammerschlag et al., 2012; 
Hays et al., 2007; Meyer et al., 2010), which is particularly 
essential in the tropics (Figure 19.1E). 

In addition to providing location estimates, satellite- 
linked tags can also collect data on diving depth and temper- 
ature that are sampled and archived during deployment and 
summarized into bins for transmission. The sampling rate 
and bins are programmed by the user prior to tag deploy- 
ment. The binned data are then used to construct histograms 
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of dive duration, maximum dive depth, and time-at-depth/ 
temperature. Coarse profiles of depth and temperature (e.g., 
15-minute to 1-hour sample intervals) can also be transmit- 
ted by some tags. This compression of raw data is necessary 
due to the limited bandwidth available in the Argos system; 
however, complete archives of data can be downloaded if the 
tag is recovered after deployment. 


19.2.2 Pop-Up Satellite Archival Transmitters 


Pop-up satellite archival transmitters (PSATs) are designed 
to track animals that do not spend enough time at the sur- 
face to ensure adequate time for communication between the 
transmitter and the Argos systems while the tag is attached 
to an animal. PSATs include sensors for depth, temperature, 
and ambient light level (used to provide coarse location esti- 
mates by geolocation with errors of hundreds to thousands 
of kilometers) (Hill and Braun, 2001), which are recorded at 
preprogrammed sampling rates that can vary from a few sec- 
onds to a few minutes. These tags archive all sensor data dur- 
ing deployment in the memory for a programmable period 
of deployment time (ranging from a few months to a year). 
When this time period elapses, the tags release from the ani- 
mal and float to the surface, and the archived data are sum- 
marized and transmitted through the Argos satellite network. 


Figure 19.1 Tag type and attachment methods. (A) Tagging of a tiger shark (photograph © Alex Kydd; used with permission). (B) Fin- 
mounted satellite-linked transmitter (photograph © OCEARCH; used with permission). (C) Fastloc® GPS tag attached to a 
CATs tag being towed by a whale shark (photograph © AIMS; used with permission). (D) Detail of a fin clamp attachment 
to a whale shark’s first dorsal fin (photograph © AIMS; used with permission). (E) Biofouling of a satellite-linked transmitter 
deployed on a tiger shark at Raine Island, Australia (photograph © Richard Fitzpatrick/Biopixel; used with permission). 
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Similarly, the full data archive can also be downloaded from 
the tag if it is recovered. The period of data transfer while 
the tag is floating typically spans 1 to 2 weeks, depending 
on deployment length and power consumption or battery 
depletion. The mechanism for tag detachment from the shark 
occurs via a corrodible link that releases the transmitter from 
the shark or when certain conditions are met indicating that 
the tag is no longer attached to an animal, that the animal 
may have died (e.g., the transmitter remains at a constant 
depth, sea bottom, or surface), or that the animal has gone 
below the maximum set depth for operation of the tag (usu- 
ally not more than 1000 m but up to 2000 m). Other param- 
eters collected by the tag include time in the mixed layer and 
maximum depth of the mixed layer, temperature recordings 
(maximum, minimum, and average) of the mixed layer and 
surface, overall depth and temperature, and daily messages 
of light level curves (dawn and dusk transitions) (Musyl and 
McNaughton, 2007; Sims, 2010). 

Geolocations are estimated from light-level measure- 
ments collected by the tag. Latitude is determined by the time 
between sunrise and sunset, and longitude by the time of the 
midpoint between sunrise and sunset (Hill and Braun, 2001). 
Many environmental and biological factors can influence the 
quality of the light-level measures. As a result, large spatial 
errors (hundreds to thousands of kilometers) are commonly 
associated with geolocation estimates (see Section 19.4.1). As 
mentioned above, the full record of data collected is archived 
in the memory so that if the transmitter is physically recoy- 
ered the full dataset can be downloaded. Retrieval of the tag 
at sea can be complex because the tag must be located dur- 
ing a brief window (usually | to 2 weeks) when the PSAT is 
transmitting. For a tag floating in the ocean, the most recent 
Argos uplink is taken as a start position (with the best LC usu- 
ally taken); where very high frequency (VHF) transmitters 
have been incorporated into the tag, handheld VHF receiv- 
ers or radio receivers tuned to the appropriate frequency 
can then be used to pinpoint the tag position for recovery. 
Strong winds and poor weather conditions (currents, waves, 
white caps) reduce the chances of recovery by attenuating the 
VHF signal, thus inducing variability in signal strength and 
making spotting the floating transmitter more difficult. For 
tags deployed on animals that inhabit coastal and nearshore 
habitats or where prevailing local wind and current circula- 
tion are directed toward the shore, PSATs can be recovered 
after being washed ashore and discovered by beachcombers 
(Okland et al., 2013). Programs to inform fishers about tag 
recovery may also be implemented for species that are tar- 
gets of commercial and recreational fisheries. Reward offers 
and contact details printed on the tags at their manufacture 
assist with the likelihood of recovery (e.g., http://tagagiant. 
org/science/tag-rewards). 

When first developed in the late 1980s, PSAT tags revo- 
lutionized the way we acquire data from highly mobile and 
migratory species that remain below the sea surface. The 
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use of these transmitters revealed novel three-dimensional 
behaviors and large-scale two-dimensional movements 
for many species (Sims, 2010). But, unless these tags are 
physically recovered, the datasets remain limited to the 
amount of information that is transferred during the pop- 
off transmission period. The large error associated with 
geolocations (hundreds to thousands of kilometers) (Teo et 
al., 2004) and the fact that data are summarized for trans- 
mission prevent fine-scale understanding of both horizon- 
tal and vertical movement behavior by target animals. For 
cryptic species where knowledge of vertical movements is 
limited, and for pelagic sharks that do not spend time at the 
water surface, PSATs might be the best option available. 
Additionally, most studies also report some proportion of 
premature PSAT releases and transmitters that fail to ever 
transmit data, perhaps due to predation, tag shedding (drag 
from the tag, inadequate healing, or inadequate attachment 
of the tag), damage to the tag housing or flotation mecha- 
nism, or tag aerial and/or system failure (Lutcavage et al., 
2015; Musyl et al., 2011). 


19.2.3 Fastloc® GPS 


The Global Positioning System (GPS) uses its own constel- 
lation of orbiting satellites flying in medium Earth orbit 
(altitude of approximately 20,200 km) that provide loca- 
tion and time information (ephemeris and almanac data) 
to GPS receivers on the surface of the Earth so that the 
location of the device can be calculated in real-time (Moen 
et al., 1996). Application of this technology to studies of 
sharks and other marine megafauna has been hampered by 
the time required (30 seconds to a few minutes) for GPS 
receivers to communicate with GPS satellites to obtain 
the data to calculate location fixes (Ryan et al., 2004). 
However, the development of Fastloc® technology and its 
integration into Argos transmitters has removed this bar- 
rier to the use of GPS to track marine species that are only 
present at the surface very briefly (Hazel, 2009; Witt et 
al., 2010). The GPS receiver in Fastloc® tags is able to 
record a quick (fraction of a second) snapshot (1.e., satel- 
lite ID numbers, pseudo ranges, and a time stamp) of the 
signals from GPS satellites (Bryant, 2007). The data from 
GPS signals are processed, compressed, and stored in the 
onboard memory and relayed by the Argos system (Hazel, 
2009; Sims et al., 2009a). These data are then processed 
into location estimates via the tag manufacturer’s portal or 
software. Fastloc® GPS transmitters also offer higher loca- 
tion accuracy than regular Argos transmitters, with spatial 
errors generally less than 50 m with seven satellites or more 
(Bryant, 2007; Dujon et al., 2014; Hazel, 2009; Moen et 
al., 1997; Ryan et al., 2004), but they remain dependent on 
the number of GPS satellites detected by the receiver (i.e., 
the greater the number of GPS satellites, the lower error 
associated with the location estimate) (Dujon et al., 2014; 
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Hazel, 2009). Although the higher resolution data provided 
by Fastloc® GPS tracking allows for finer scale studies of 
behavior, movement patterns, and space use (Dujon et al., 
2014; Hoenner et al., 2012; Sims et al., 2009a), there are 
still trade-offs associated with the technology, most nota- 
bly purchase costs and lower tracking durations due to 
greater power consumption. 


19.3 TAGGING PROCEDURES 
AND TAG ATTACHMENTS 


There are many approaches to deploying satellite transmitters 
on sharks. Most commonly sharks are captured, restrained, 
and tagged from a boat (Figure 19.1). Shark capture can 
be accomplished using handlines, rod and reel, drumlines, 
gillnets, and longlines. Once captured, sharks are brought 
alongside the boat and restrained in the water with ropes or 
harnesses (Figure 19.1A), or they may be brought onboard 
the boat or placed in stretchers for measurements and tag- 
ging procedures. For species where the physical handling of 
animals is not possible due to their large size or poor recov- 
ery from capture, tagging is sometimes conducted on free- 
swimming animals. White sharks, for example, due to their 
large size, are often lured to boats with chum and are tagged 
with a handheld pole (Jorgensen et al., 2009). Filter-feeding 
species, such as whale sharks, mantas (Mobula spp.), and 
basking sharks (Cetorhinus maximus), can be tagged with 
spearguns or tagging poles from a vessel approaching the 
animal as it surface-feeds (Sims et al., 2003) or by free-divers 
approaching sharks in water (Hearn et al., 2013; Thums et al., 
2012; Wilson et al., 2006). Free-diving is also used to deploy 
tags on species such as hammerhead sharks (Sphyrna sp.) 
(Bessudo et al., 2011) that show high vulnerability to fishing 
stress (Gallagher et al., 2014) and high post-release mortal- 
ity (Butcher et al., 2015; Coelho et al., 2012). Commercial 
and recreational fishing operations can be used for deploying 
satellite transmitters when species are the targets of fisheries, 
as is the case for blue sharks (Prionace glauca) (Queiroz et 
al., 2010), makos (surus sp.) (Rogers et al., 2015), and other 
pelagic sharks (Carlson and Gulak, 2012). 

Satellite transmitters can be mounted onto the dorsal fin 
of a shark (Argos and Fastloc® GPS) or attached using an 
anchor with a tether (typically around 0.5 to | m in length) 
that tows the tag behind the animal (Figure 19.1D). These 
modes of attachment allow the wet/dry sensors to emerge 
from the water if the animal is near or at the surface. PSAT 
tethers are usually much shorter (a few centimeters) than 
those used with GPS or satellite-linked tags because they 
are not required to transmit location data until after detach- 
ment. The fin-mount is the most common attachment for 
satellite-linked transmitters (Figure 19.1B,C). The tag is 
affixed to the first dorsal fin by placing corrodible titantum 
or stainless steel bolts through holes pierced near the tip, and 
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it is secured with neoprene and steel washers and steel nuts 
(Figure 19.1B). The use of neoprene protects the shark’s skin 
from contact with metallic corrosion of steel nuts that results 
in the eventual detachment of the transmitter. For species 
that may not break the water surface or in situations where 
the capture and restraint of sharks is not possible, satellite 
tags (usually purpose-made, hydrodynamic models such 
as Wildlife Computers SPLASH10-F-321) can be deployed 
with tethers and towed. Towed satellite-linked tags are usu- 
ally deployed by free-divers. The tether (braided stainless 
steel or monofilament) is attached to a stainless steel or 
titanium dart that is embedded into the shark’s dorsal mus- 
culature near the base of dorsal fin by spearguns or hand 
spears, or it is affixed to the first dorsal fin by a fins clasp 
such as those manufactured by CATS (Customized Animal 
Tracking Solutions, http://www.cats.is/) (see Figure 19.1) 
(Chapple et al., 2015; Gleiss et al., 2009). Towed tags also 
have buoyancy, so that when the animal is near the surface 
it floats up and can breach the surface to make connection 
with satellites. 

Pop-up satellite transmitters are typically deployed as 
towed tags with short tethers (depending on animal size) to 
allow the detachment mechanism to work after the pre-pro- 
grammed time. Towed PSATs are affixed with a dart inserted 
into the shark’s dorsal musculature or looped through a hole 
on the first dorsal fin (Hazin et al., 2013). The towed tag 
attachment (for PSAT and satellite-linked transmitters) in the 
musculature of an animal consists of a medical-grade nylon 
umbrella tip dart, stainless steel T-bar arrowhead anchor, or 
flat titanium or stainless-steel dart that is inserted close to 
the posterior end and near the base of the first dorsal fin. The 
anchor is inserted at a 45° angle to engage the cartilaginous 
radials that are located underneath the dorsal fin, reducing 
the likelihood of a premature release due to drag caused by 
the transmitter. The anchor is connected to the tag by a mono- 
filament leader with high strength but low stretch (Campana 
et al., 2009a; Carlson et al., 2010; Queiroz et al., 2010), or 
braided stainless wire. The latter should be sheathed with 
heat-shrink tubing to minimize abrasion to the shark’s skin. 

Deployments of tags can last up to 12 months for PSATs 
and over 3 years for satellite-linked transmitters before 
tag detachment or battery exhaustion, but much shorter 
durations are common (Domeier and Nasby-Lucas, 2013; 
Hammerschlag et al., 2011; Weng et al., 2008). Although 
little information is available on the effects of long-term 
tag attachment, damage to dorsal fins from fin-mounted 
tags and parasite infection at the tag attachment site may 
affect the behavior, swimming efficacy, healing, and pos- 
sibly survival of individuals (Hammerschlag et al., 2011; 
Jewell et al., 2011). Hence, ethical issues and reduction of 
negative impacts, although challenging to quantify, must be 
considered by researchers when conducting animal tracking 
experiments (Hays et al., 2016). For a review of these issues, 
see Hammerschlag et al. (2011). 
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19.4 DATA PROCESSING 


Appropriate methods for processing of data should be selected 
in order to ensure correct interpretation of results from satel- 
lite telemetry. The accuracy of processing techniques such as 
filtering and interpolation will depend greatly on the spatial 
error associated with location estimates and the uplink rate 
from the satellite transmitter (Tremblay et al., 2006). 

19.4.1 Geolocation 

Initial position at tagging (GPS point recorded by user) and 
point of release from the animal (provided by PSAT along 
with summarized, archived data transmitted data after 
release) are the start and end points used for track recon- 
struction. Light-level data are analyzed to provide raw geo- 
locations with software provided by tag manufacturers such 
as the WC-GPE: Global Position Estimator Program Suite 
(Wildlife Computers, Inc.), Sea Track (Desert Star Systems 
LLC), or LAT Viewer Studio (Lotek Wireless, Inc.), or they 
are processed onboard with the manufacturer’s proprietary 
algorithm (Microwave Telemetry, Inc.). However, many fac- 
tors can influence the accuracy of estimates of latitude and 
longitude. These may be related to variability in the sensitiv- 
ity of the light-level sensor in the PSAT, physical conditions 
(water turbidity, weather, cloud cover), the animal’s location 
(low latitudes or around an equinox, when day lengths are 
similar in all latitudes), behavioral and biological factors 
(diving behavior, demersal lifestyle), and biofouling (Hill and 
Braun, 2001; Lam et al., 2008). 

The most probable track can be reconstructed from raw 
geolocations by applying a state-space unscented Kalman 
filter (Lam et al., 2008) that considers the movement of 
tagged animals as biased random walks, with raw geoloca- 
tions being a representation of true location with some mea- 
surement-associated error (Lam et al., 2008; Nielsen and 
Sibert, 2007; Nielsen et al., 2009; Sibert et al., 2003). Post- 
processing models also combine satellite-derived sea-sur- 
face temperature measurements to correct raw geolocations 
and obtain the most probable track with improved accuracy 
(Lam et al., 2008, 2010). These models can be applied using 
packages such as Trackit (Lam et al., 2010; Nielsen and 
Sibert, 2011) or ukfsst (Nielsen et al., 2009), available for the 
software R (R Core Team, 2017). 


19.4.2 Filtering and Interpolation 
19.4.2.1_ Location Accuracy Filtering 


All data, particularly Argos data, should be filtered prior 
to movement analyses. The large error typically associ- 
ated with satellite tag deployments on sharks prevents the 
identification or may result in the erroneous interpretation 
of specific behaviors associated with search and foraging 
(high turn rates and slower speed) compared to migratory 
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movements (directed, faster movement) (Bradshaw et al., 
2007). Filtering techniques address issues about the quality 
of locations (e.g., Argos LC error) and are widely applied 
to data collected by satellite telemetry. The most common 
filtering technique for locations relayed by Argos satellites 
is the removal of low-accuracy location classes. Locations 
with LC Z are usually removed from a dataset because they 
indicate the inability of a satellite to obtain an uplink (Hays 
et al., 2001), but LC A and B may also be removed due to 
their low accuracy (no error estimation by Argos). However, 
some argue that keeping the low-accuracy LC A, B, and Z 
and incorporating the information of the location error in 
the data analysis (many movement-based models can incor- 
porate information of error; see Section 19.5) can minimize 
data loss, especially important for species or areas where 
uplink rate is low (Sumner et al., 2009). 

Erroneous locations can be removed by applying point- 
to-point speed filters that consider the average swimming 
speed for the focal species (usually obtained from the lit- 
erature) to identify successive position estimates that require 
unrealistic travel speeds and thus should be excluded from 
the dataset. Hays et al. (2001) recommended that a maximum 
distance between successive locations should be considered 
when calculating speeds for filtering because over short 
distances large errors in position estimates might confound 
calculated speeds. For this reason, speed should be calcu- 
lated between successive points over a distance sufficient to 
account for the lowest location accuracy from the track. It is 
important to note that Argos reports secondary, alternative 
estimates of location, and in some cases these can provide a 
more plausible estimate of position than primary estimates 
(Ferreira et al., 2015). This is particularly useful for tracking 
datasets where locations are sparse and removal of data could 
strongly influence subsequent analyses. 

Processing of tracking data from Fastloc® GPS trans- 
mitters is still in its infancy, and standard methods have yet 
to be identified. The confidence in the accuracy of Fastloc® 
GPS locations is influenced by the number of GPS satellites 
used to obtain the snapshot. Each GPS location is accompa- 
nied by information on how many satellites were used and a 
“residual” that defines relative spatial accuracy (Witt et al., 
2010). Hazel (2009) suggested filtering out locations derived 
from fewer than six satellites as the best option to reduce the 
proportion of locations with potentially large errors, assum- 
ing that this results in minimal data loss. 


19.4.2.2 Movement Models 


A combination of track filtering and interpolation methods is 
used to address the patchy and sporadic nature of locations 
within tracks that result from deployment of satellite tags 
on sharks. Interpolation is used to correct irregular sam- 
pling and ensure that locations are spaced equally in time, a 
requirement for some types of data analysis (Tremblay et al., 
2006). Although linear interpolation is the simplest method, 
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continuous-time models can account for more realistic repre- 
sentation of marine animal movement (Johnson et al., 2008). 
Continuous-time correlated random walk (CTCRW) models 
assume that movement is a stochastic process in continuous 
time, where the inertia in the movement of an animal will 
keep it moving in a similar way at successive times (Johnson 
et al., 2008; Jonsen et al., 2005). Given this assumption, sta- 
tistical inference can be used to estimate movement path, 
rate of movement and speed, and the associated standard 
error at each location along the track (Johnson et al., 2008). 
CTCRW models can be implemented in R to interpolate 
tracks with the package crawl (Johnson, 2014). 

State-space models (SSMs) encompass a range of rig- 
orous time-series models that have become widely applied 
filtering tools for animal telemetry data (Jonsen et al., 2013). 
SSMs fitted to location data obtained from satellite track- 
ing are able to predict unobserved true states (spatial loca- 
tion and possibly behavioral mode) from the observed track 
via a process model, accounting for uncertainty in the data 
(location error = Argos LC from SAT or geolocation from 
PSAT) and stochasticity of animal movement (Jonsen et 
al., 2003, 2005; Patterson et al., 2008). The mathematical 
assumption that future state can be inferred from the present 
state is known as a Markov condition. SSMs will produce a 
most probable track that is obtained from the means, medi- 
ans, or modes of the posterior distributions of the observed 
data and the associated behavior (Jonsen et al., 2003, 2005) 
(Figure 19.2). The SSM can also fit a mode of behavior to 
the data that is derived from simple movement metrics such 
as the autocorrelation between successive speeds and turn- 
ing angles (Jonsen et al., 2005; Patterson et al., 2008, 2009) 
to identify modes of behavior such as resident and transient 
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Figure 19.2 Plot of tiger shark track data from Shark Bay, 
Australia, with observed Argos locations as open cir- 
cles and state estimates from the state-space model 
as blue-filled circles. The gray line is the straight-line 
path between Argos locations, and the black line is 
the straight-line path between state estimates. 
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movement. The mode of residency is often associated with 
foraging or searching, as an animal foraging is assumed to 
make more and sharper turns (changes in direction) and 
shorter movements than an animal transiting, which will 
move in a more directed and rapid way. This notion can be 
better examined with the use of accessory data that might be 
obtained from devices such as accelerometers (see Chapter 4 
in this volume). Although applied by many in animal move- 
ment studies (Jonsen et al., 2013; Patterson et al., 2008) with 
analysis packages freely accessible in the software R, such 
as bsam (Jonsen et al., 2017), SSM fitting is often complex, 
computationally demanding, and time consuming, and diag- 
nostic assessment may not be straightforward (Jonsen et al., 
2013; Patterson et al., 2008). Model convergence can be dif- 
ficult for coarse, highly imprecise, and irregular data (Jonsen 
et al., 2013), as is often the case for deployments on sharks. 


19.5 ANALYSIS AND APPLICATIONS 


Satellite telemetry techniques have been widely applied 
in many studies of both horizontal and vertical movement 
patterns of sharks that can be used to describe important 
ecological aspects of a shark’s spatial behavior, such as for- 
aging, mating, and pupping areas; migratory pathways; and 
habitat and environmental preferences. Several methods can 
be applied to analyze animal movement data generated by 
satellite tracking (Hooten et al., 2017). Here, we examine 
some of the most common approaches used to describe the 
vertical and horizontal movements of sharks. 

19.5.1 Movement Patterns 

Although mark-—recapture studies have provided valuable 
information on the scale of movements of several species 
of shark (Kohler and Turner, 2001; Kohler et al., 1998) by 
calculating the distance between tagging and recapture loca- 
tions, the advance of satellite telemetry has allowed better 
description of movement patterns (areas where residency 
is high vs. low) and migratory routes, as well as identifica- 
tion of environmental drivers and habitat preferences—all 
traits that could not be described with mark-recapture stud- 
ies. Simple metrics can be extracted from tracking data- 
sets to describe and characterize the movement of tracked 
animals before more complex data analyses are employed. 
Understanding the scale of movements can be accomplished 
by simply calculating the maximum or mean (per day, for 
example) distance traveled, although such measurements of 
maximum distances traveled will be greatly affected by the 
duration of tag deployment, particularly for species that dis- 
play partial migration such as tiger sharks (Ferreira et al., 
2015; Lea et al., 2018; Papastamatiou et al., 2013). The swim- 
ming speed of sharks is also commonly reported in tracking 
studies and is calculated by dividing the average distance 
traveled between locations over time; however, calculation 
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of speed can be problematic if the distance between loca- 
tions is smaller than the largest spatial error associated with 
these locations (Hays et al., 2001). Data quality, which may 
affect the robustness of data analyses, can be investigated 
by calculating deployment length and daily uplink rate. 
The former is often influenced by tag/sensor failure and 
tag shedding and the latter by the surface behavior of the 
animal, cloud cover, and satellite orbits, with both metrics 
influencing the choice of data analysis and the interpreta- 
tion of results. Although analyses of movement patterns are 
often descriptive, they provide important insight into the 
spatial behavior of sharks. For example, whereas early stud- 
ies described white sharks as coastal residents (Compagno, 
1984), satellite tracking of these animals revealed that they 
occupy both coastal and oceanic habitats with distinct 
behaviors of seasonal residency and active swimming, and 
that they may even cross an entire ocean basin (Bonfil et al., 
2005; Boustany et al., 2002; Bruce et al., 2006; Jorgensen 
et al., 2009). Long-term satellite tracking of white sharks 
enabled the description of migratory routes related to the 
reproductive cycle of females, with sharks moving between 
offshore gestation areas and pupping grounds near the coast 
(Domeier and Nasby-Lucas, 2013). 


19.5.2 Habitat Use 


Habitat use describes how an animal uses specific areas 
within its home range, which may vary temporally and spa- 
tially according to resources available and habitat quality 
(Benhamou, 2011; Benhamou and Riotte-Lambert, 2012). 
Habitat use is thus a consequence of multiple factors such as 
accessibility and quality of food, environmental conditions, 
predator avoidance, and physiological state (mating, gesta- 
tion, and reproductive cycle), among others. Quantifying 
the area occupied by the animal (its home range) and the 
areas of high use within its home range is the first step in 
developing an understanding of habitat use. These metrics 
also provide the basis for an understanding of the physical, 
biological, and behavioral factors that might explain areas 
of high use when analyzed using statistical models such as 
generalized linear mixed models and generalized additive 
mixed models (Zuur et al., 2009), for example. 

Kernel density analysis techniques have been used 
extensively to determine habitat use from tracking data of 
sharks for the characterization of important areas at indi- 
vidual, population, and species levels (Heupel et al., 2004). 
As a statistical concept, home range can be defined as a fixed 
percentage (commonly 95%, 50%, or 25%) of the confidence 
region obtained from the relative frequency distribution of 
an animal’s location over time (Worton, 1987). This math- 
ematical definition allows researchers to calculate utiliza- 
tion distributions (UDs) from locations obtained by satellite 
tracking an animal through time by predicting the probabil- 
ity of an animal being in an area during the time it spent 
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Figure 19.3 Representative utilization distribution (UD) of a tiger 
shark track (black points) analyzed with (A) kernel 
density estimation and (B) biased random bridges, 
showing both residency cores (>0.75 UD) and migra- 
tion (<0.4 UD). Color scale represents the utilization 
distribution. (Track provided by N. Hammerschlag, 
Shark Research & Conservation Program, University 
of Miami, Miami, FL.) 


there (Figure 19.3). Kernel density estimation (KDE) deter- 
mines the underlying probability function from the data 
(Silverman, 1986) by placing a probability density func- 
tion over each data point. Values are estimated by adding 
the contribution from all components (Horne and Garton, 
2006; Worton, 1989). A smoothing parameter (/) or band- 
width controls the amount of variation incorporated in each 
component and has a large effect on resulting kernel esti- 
mates by controlling the smoothness of the kernel density 
estimation around the data points (Horne and Garton, 2006; 
Kolaéek and Horova, 2017; Duong, 2013; Worton, 1987, 
1989). Although bandwidth can be selected visually based 
on successive trials (Silverman, 1986; Wand and Jones, 
1995), automated methods, such as plug-in bandwidth selec- 
tors utilizing least squares cross-validation and maximum 
likelihood methods (Calenge, 2006, 2015, 2016; Calenge 
and Royer, 2018; Duong, 2007, 2013), in combination with 
the packages ks, adehabitatLT, and adehabitatHR in the 
software R (R Core Team, 2017), offer a more objective way 
to determine bandwidth and calculate KDE. Geographic 
information system (GIS) tools are also commonly used to 
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calculate home ranges from telemetry data (Simpfendorfer 
and Heupel, 2004), using the Animal Movement Extension 
for ArcView (Hooge and Eichenlaub, 1997). 

The concentration or rarity of data points will determine 
the value of the kernel density estimation, ignoring the tem- 
poral element of tracking data, a key component of animal 
movement and space use. Brownian bridges are continu- 
ous-time, stochastic movement-based models that take into 
account the path traveled and time spent between each suc- 
cessive location to model utilization distributions (Bullard, 
1991; Horne et al., 2007). The method also incorporates 
smoothing parameters in the computation of utilization den- 
sity; one, the Brownian bridge motion variance parameter, 
controls the width of the Brownian bridge (Horne et al., 
2007), and another is related to the uncertainty around loca- 
tions, which can be determined with the location error from 
the type of telemetry used (Argos LC error, spatial errors of 
geolocations or GPS location). 

Similarly, biased random bridges are also movement- 
based kernels but include a component of advection that 
affects the orientation and shape of the bridge, where stron- 
ger advection (e.g., during migration) generates longer and 
narrower bridges (Benhamou, 2011), allowing for a better 
definition of habitat use during migration (Figure 19.3). This 
method also sets a maximum duration for each step, so that 
steps longer than this threshold will not be accounted for 
in the computation of utilization distribution (Benhamou, 
2011). This can facilitate the application of this method to 
shark tracking data where many temporal gaps are present 
that should not be accounted for in the computation of habi- 
tat use to avoid overestimating areas between locations that 
are temporally sparse (Ferreira, 2017). Brownian bridges 
and biased random bridges can be applied to telemetry data 
using packages in R such as BBMM (Nielson et al., 2013) and 
adehabitatHR (Calenge, 2006, 2015). Brownian bridge ker- 
nel density applied to tracking data from tiger sharks tagged 
at Ningaloo Reef, Australia, showed large areas (634,944 
km?) of seasonal high use that encompassed both tropical 
and temperate habitats (Ferreira et al., 2015). In Hawaii, 
estimates of utilization density combined with generalized 
additive mixed models indicated movement between islands 
by female tiger sharks that was influenced by environmental 
factors such as water temperature and was associated with 
partial migration (Papastamatiou et al., 2013). 

Habitat use can also be described as spatial occupancy, 
measured as the time spent in a grid cell when the tracking 
area is divided into a grid. Higher occupancy can indicate 
areas of importance (Figure 19.4), such as foraging areas. 
Unlike utilization distributions, occupancy (time spent) will 
only be calculated for cells that contain one or more loca- 
tions. The measure of time spent can be calculated on a 
per-individual basis or for all individuals combined. When 
pooling data across multiple individuals, calculations of 
habitat use can be biased either toward short tracks with 
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movement concentrated in a small area or by tracks that 
are much longer than the average deployment length that 
may encompass much larger areas. This problem is shared 
by analyses of utilization density and can be remedied 
by removing very short tracks (in relation to the average 
track length of all individuals) or weighting the occupancy 
of individual tracks in relation to their length or number 
of cells occupied prior to calculating overall occupancy 
for multiple individuals. These biases can be minimized 
by overlaying the analyses of individuals and calculating 
the number (or proportion) of animals using a grid cell or 
the average time spent (or utilization distribution) across 
all individuals. Time spent per unit area can be calculated 
using the R package trip (Sumner and Luque, 2016) which 
will create a spatial grid containing the information of time 
spent in each cell (Figure 19.4). 

Analytical tools from the field of spatial statistics can 
also be applied to calculations of habitat use. Getis-Ord Gi* 
hotspot analysis can define spatial patterns of significance 
based on clusters of locations, allowing identification of 
areas with higher or lower utilization values than predicted 
by arandom pattern. The analysis determines the correlation 
of a point value (time spent in a grid, relative abundance) in 
the context of neighboring areas so that a statistically sig- 
nificant hotspot or coldspot can be identified (Figure 19.4) 
(Getis and Ord, 1992). 

One of the main goals of satellite tracking studies is 
to define population-level estimates of habitat use that are 
ecologically significant and can have management and 
conservation applications. A sample size large enough 
to be representative of the population is essential for this 
analysis, and this can be determined by calculating the 
cumulative area used by each additional individual. If an 
asymptote is achieved, the dataset contains a sufficient 
number of samples (e.g., tracks) to adequately characterize 
the area used by that population (Soanes et al., 2013). For 
species for which most individuals utilize similar areas, a 
smaller sample size (number of tracks) will be required to 
predict population-level habitat use. However, for popula- 
tions or species characterized by individuals that display 
large variability or roam over very distinct areas, popula- 
tion estimation of habitat use may only be achieved with 
very large sample sizes to incorporate such variability 
(Soanes et al., 2013; Thums et al., in review). Although the 
approach above can help determine sample sizes needed, it 
is important to consider whether the subsample of a popula- 
tion included in analyses is likely representative of broader 
populations. For example, for a study focusing on a pop- 
ulation with a large and continuous range, if all tags are 
deployed in a similar area it is possible that analyses may 
indicate that sample sizes are adequate for characterizing 
movements. This analysis, however, only applies to indi- 
viduals in the area where tracks began and may or may not 
be applicable to larger populations. Because of the tendency 
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Figure 19.4 Spatial distributions of satellite-tracked pelagic sharks. Geolocations of sharks in the North Atlantic Ocean are shown in 
(A). Space use was calculated as the effort-corrected index of occurrence per unit area (number of mean days per grid 
cell) between (B) March and August and (C) September and February. Map of the calculated high (hotspot; red) and low 
(coldspot; blue) use habitats of tracked sharks are shown in (D). (From Queiroz, N. et al., Proc. Natl. Acad. Sci. USA, 113, 
1582-1587, 2016. With permission.) 
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for satellite-based studies to focus on wide-ranging species 
with large distributions, a failure to consider spatiotemporal 
variation in behavior across a contiguous range could lead 
to improper conclusions about habitat use or interspecific 
interactions. 


19.5.3 Environmental Drivers 


Defining environmental and habitat preferences during 
residency and along migration routes can identify critical 
habitats (Block et al., 2011; Cooke, 2008). Multiple methods 
are available to predict or describe the relationship between 
space use and environmental parameters. Resource selec- 
tion functions (RSFs) and resource selection probability 
functions (RSPFs) can be used to relate spatial distributions 
of species to environmental and habitat variables (Aarts et 
al., 2008; Manly et al., 2002). These methods assume that 
animals will select high-quality resources more often than 
low-quality resources; therefore, patterns of resource use 
can be compared to their availability in the environment to 
determine selectively the probability of use of a resource 
(or variable) (Lele and Keim, 2006; Manly et al., 2002). 
For tracking data, defining what resources are available and 
determining the areas that are not used or where there is 
an absence of use of a resource can be challenging because 
of the multitude of options of unused resources that are 
available around locations in a track (Boyce et al., 2002). 
Consequently, presence must be compared to a random 
sample of available habitats generated around the observed 
points (Boyce et al., 2002). 

This issue of estimating unused habitats for tracking 
data has led to the development of step-selection functions 
(SSFs) (Fortin et al., 2005). In this model, consecutive loca- 
tions, considered as steps, are paired with pseudo-absences 
generated by random steps with the same starting point as 
the “real” location (Thurfjell et al., 2014). Real locations are 
given a value of | (presence) and random locations are given 
a value of 0 (absence or unused), which are then used as 
a dependent variable in models such as conditional logis- 
tic regressions to determine which variables influence the 
choice of habitat (Thurfjell et al., 2014). Temporal autocor- 
relation between successive locations will cause issues in the 
model estimation, but data may be thinned to assist here. 
These spatial analyses can be conducted with ArcGis tools 
and with R packages such as ResourceSelection (Lele et al., 
2017) or hab (Basille, 2015). 

A wide range of statistical models can be applied to 
investigate species distributions and modeling of relation- 
ships between animal distribution and internal and external 
drivers, each with their advantages and pitfalls (see review 
by Austin, 2002). For example, the combination of utili- 
zation density calculated with biased random bridges and 
generalized additive mixed models (Zuur et al., 2009) was 
used to identify the likely environmental factors driving the 
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utilization density of tiger sharks in Hawaii and identified 
the importance of water temperature and chlorophyll in the 
probability of a shark using the waters around any island 
of the island chain of Hawaii (Papastamatiou et al., 2013). 
Globally, the same approach identified water temperature 
and bathymetry as common environmental predictors of 
habitat use for the species (Ferreira, 2017). As with the 
other analyses discussed so far, low spatial and temporal 
resolution of the tracking data may greatly affect the results 
of statistical modeling, possibly leading to a lack of conver- 
gence in models, misinterpretation of results, and incorrect 
study conclusions (Bradshaw et al., 2007; Patterson et al., 
2008). Development of new satellite transmitter technology 
(see Section 19.6) and the application of appropriate model- 
ing techniques and incorporation of location error estimates 
in modeling of habitat use can assist with extracting mean- 
ingful biological and ecological signals from poor-quality 
data (Bradshaw et al., 2007; Ferreira, 2017). Temporal auto- 
correlation of tracking datasets must also be dealt with by 
rarefying the data and using a subset of locations randomly 
sampled so that locations are not autocorrelated, by includ- 
ing correlation structures in the models (Zuur et al., 2009), 
or by using matched-block bootstrap sampling (Carlstein et 
al., 1998; Politis and White, 2004). 


19.5.4 Foraging 


The theory of optimal search strategy states that when encoun- 
tering patchily distributed resources, which is usually the case 
in the ocean, a predator should slow down and increase the 
frequency of turning angles to maximize the probability of 
prey encounter (Fauchald, 1999; Kareiva and Odell, 1987). 
This is known as area-restricted search. Because direct 
observations of feeding are exceedingly rare for most spe- 
cies, area-restricted search patterns have been used as a proxy 
of foraging. The benefit of this framework is the ability to 
apply objective methods to classify area-restricted movement 
behavior in tracking data by identifying behavioral switches 
using state-space models (Bestley et al., 2013; Jonsen et al., 
2005) or first-passage time (Fauchald and Tveraa, 2003). In 
addition, areas of high use (identified by time spent and kernel 
analyses described above) can also be useful proxies to iden- 
tify areas that may be related to foraging. 

The first-passage time (FPT) is defined as the time an 
animal takes to cross a circle of specific radius (Johnson et 
al., 1992). Assuming that all locations in the path are associ- 
ated with a circle of specific radius, this method considers 
the time between the first passage of the circle backwards 
and forwards along the path as a measure of search effort. 
The circle is then moved along the path with increasing radii 
so that more of the tortuous path is covered until the circle 
is large enough to capture all the tortuosity of the movement 
(Fauchald and Tveraa, 2003; Pinaud, 2008). As a result, FPT 
will increase as the radius of the circle increases, and by 
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plotting the variance of FPT against different radii values 
the spatial scale where search effort is concentrated can be 
identified (Fauchald and Tveraa, 2003; Pinaud, 2008). If an 
animal’s movement path shows high tortuosity and the ani- 
mal is spending considerable time in one area, that would 
suggest higher search effort corresponding to a longer FPT 
in relation to an animal transiting. When an animal is tran- 
siting, the time spent in an area will be reduced and the 
path will become more linear, resulting in a shorter FPT. 
Area-restricted search behavior identified by FPT can then 
be used to define likely foraging areas and can be modeled 
against environmental variables at different spatial scales to 
identify correlates of likely foraging that can be scale depen- 
dent (Fritz et al., 2003; Pinaud and Weimerskirch, 2005). 

Although FPT has been used to determine area-restricted 
search behavior of salmon sharks in productive ecoregions 
in the eastern North Pacific (Figure 19.5) (Weng et al., 
2008), the method has been most widely applied to data 
from GPS tracking of seabirds (Fritz et al., 2003; Pinaud and 
Weimerskirch, 2005; Weimerskirch et al., 2000) and track- 
ing of seals (Thums et al., 2011), which are characterized by 
high-resolution, regular sampling rates, and large volumes 
of data. Limitations of the approach have also been identi- 
fied, such as issues with fitting the model for sparse data 
and the need for interpolation techniques (Johnson et al., 
2006; Patterson et al., 2008; Pinaud, 2008), and state-space 
switching models as discussed earlier (Section 19.4.2.2) 
are considered to be more appropriate for identifying area- 
restricted searches (Patterson et al., 2008). 


19.5.5 Post-Release Behaviors 


Although primarily used for ecological studies, satellite trans- 
mitters can provide important data on post-release behavior and 
mortality rates that can reveal the risk of capture and release 
by commercial and recreational fishers. Information on survi- 
vorship of discarded elasmobranchs is helpful in assessing the 
sustainability of fisheries and ensuring the efficacy of man- 
agement actions (Ellis et al., 2016). For example, there was no 
observed post-release mortality of healthy blue sharks caught 
by both Atlantic and Pacific longline fisheries (Campana et 
al., 2009b; Moyes et al., 2006), but tagging revealed 33% 
mortality rates among injured sharks in an Atlantic fishery 
(Campana et al., 2009a). In contrast, a Canadian longline 
fishery for porbeagle sharks (Lamna nasus) resulted in 10% 
and 75% post-release mortality for healthy and injured sharks, 
respectively, whereas shortfin mako sharks exhibited mortal- 
ity rates of 30% and 33%, respectively. Thus, a large propor- 
tion of mortality caused by this fishery was not accounted for 
by measures of landed catch (Campana et al., 2016). However, 
post-release behavioral responses and modification, however, 
will be a result of not only the stress and trauma of capture 
and handling but also the tagging procedure itself and from 
carrying tags (Hoolihan et al., 2011). 
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Pop-up transmitters have been used to monitor the vul- 
nerability of common thresher sharks (Alopias vulpinus) to 
fishing gear of recreational fishers in southern California. 
The study assessed the depth profiles and horizontal net 
displacement of tagged individuals, revealing that two- 
thirds of individuals released with trailing gear (e.g., when 
fishing line is parted during the fight) died within 5 days of 
release (Sepulveda et al., 2015). Afonso and Hazin (2014) 
investigated the effects of a longline survey on survivor- 
ship of juvenile tiger sharks tagged with PSATs in the 
South Atlantic and found that, although some sharks dem- 
onstrated altered behavior during a period of 12 days after 
capture, there was no evidence for post-release mortality. 
The authors suggested that mandatory release of live ani- 
mals caught by fishing gear would likely reduce the fishing 
mortality of tiger sharks. Results from post-release stud- 
ies reinforce the need for increased ethical considerations 
of the effects of tagging when designing tracking experi- 
ments (Hays et al., 2016), particularly for those species 
more vulnerable to the stress of capture, handling, and tag- 
ging procedures. 


19.5.6 Management and Conservation of Sharks 


Understanding habitat preferences and critical habitats is 
essential for species conservation and implementation of 
effective management strategies (Maxwell et al., 2011). The 
high mobility of large sharks, like other marine and terres- 
trial megafauna, presents one of the greatest challenges for 
conservation (Campana, 2016; Heupel et al., 2015; Runge 
et al., 2014; Shuter et al., 2011). Despite the potential for 
conservation and management planning, telemetry data are 
still largely underutilized due to misalignment of individ- 
ual research objectives and management needs (McGowan 
et al., 2016). For example, satellite tracking of sharks in the 
North Atlantic has been used to define areas around oce- 
anic frontal systems that present high risk to species due to 
the overlap between sharks and fishing vessels that results 
in high catch rates of oceanic sharks (Queiroz et al., 2016). 
However, despite the recommendation to reduce catch quo- 
tas for mako sharks based on scientific data (tracking and 
stock assessment), regulatory bodies of fisheries have yet 
to incorporate this information into their recommenda- 
tions and management actions to restrict quotas (Sims et 
al., 2018). Although marine protected areas (MPAs) are a 
key strategy for ecosystem-based management (Abecasis 
et al., 2014; Hooker et al., 2011; O’Leary et al., 2016) and 
have proven to aid shark population recovery when well- 
managed and properly enforced (Speed et al., 2018), most 
MPAs are still too small when compared to the scale of 
movements and home ranges of large, highly mobile spe- 
cies (Heupel et al., 2015; McCauley et al., 2015). However, 
characterization of the relationships among habitat use, 
environmental conditions, and oceanographic features 
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Figure 19.5 Representation of (A) speed, (B) straightness, and (C) first passage time of three salmon sharks (Lamna ditropis) in the 
eastern North Pacific Ocean indicating an area-restricted search. Speed is km/day, straightness is a dimensionless index (1 
= Straight line), and first passage time is in log d. (From Weng, K.C. et al., Mar. Ecol. Prog. Ser., 372, 253-264, 2008. With 


permission.) 
(e.g., mesoscale features such as upwelling areas, fronts, 19.6 NEW TECHNOLOGIES AND 
and eddies), when incorporated, for example, into ecosys- FUTURE DIRECTIONS 


tem-based fisheries management (Pikitch et al., 2004) and 

dynamic ocean management (Hobday et al., 2014; Maxwell Recent advances in telemetry systems herald what some 
et al., 2015), could allow for the development of manage- researchers are referring to as a “Golden Age” for tracking 
ment actions to adapt to the spatial and temporal dynamics animals (Hays et al., 2016; Kays et al., 2015). Technological 
of species distribution. boundaries are expanding with the development of less 
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expensive, smaller, lighter-weight tags designed to mini- 
mize handling and attachment time and to reduce the ener- 
getic costs of drag when the tag has been deployed on an 
animal. Less expensive tags will promote larger sample 
sizes and more robust analyses of movement, habitat use, 
and behavior. However, despite the increasing ability to 
obtain large sample sizes, there remains a critical need to 
appropriately develop a priori sampling designs to address 
relevant questions. 

Despite their potential to resolve fine-scale movement 
and space use and their increasing popularity for tracking 
other marine taxa such as marine turtles (Hays et al., 2013), 
Fastloc® GPS tags are not widely used in shark tracking 
studies. Fastloc® GPS tags deployed on the ocean sunfish 
(Mola mola), the first tracking of a pelagic fish with this 
technology, showed the tracking potential that these tags 
offer (Sims et al., 2009a). This attachment method or adap- 
tations of it (Figure 19.1) could be easily transferrable to 
shark studies using Fastloc® GPS tags, particularly for large 
pelagic species that swim regularly at or near the surface 
(Sims et al., 2009a,b). 

Although the main goal of tracking is to describe move- 
ments and space use, it also offers a unique opportunity to 
use animals as sampling units to obtain detailed environ- 
mental and oceanographic data in remote and data-sparse 
or unsurveyed regions (Boehme et al., 2009). Conductivity— 
temperature—depth, satellite-relayed data loggers (CTD- 
SRDLs) collect concurrent measurements of animal 
movement and behavior and oceanographic data including 
vertical profiles of conductivity, temperature, and pres- 
sure as the animals dive that are relayed through the Argos 
system (Boehme et al., 2009). Tags deployed on southern 
elephant seals (Mirounga leonina) for the last 15 years have 
resulted in a better understanding of the response of ani- 
mals to in situ environmental conditions as well as detailed 
mapping of the oceanography and hydrological profiles of 
areas in the Southern Ocean that would otherwise be dif- 
ficult to observe due to the seasonal cover of sea ice (Biuw 
et al., 2007; Roquet et al., 2014). 

These tag designs are currently not appropriate for 
sharks, although future models may be. Just as for seals, 
deployments on large pelagic sharks could offer a quasi- 
synoptic, regional view of boundary currents and mesoscale 
fronts and features that have been shown to be important for 
many pelagic taxa (Croll et al., 2005; Doniol-Valcroze et 
al., 2007; Klimley and Butler, 1988; Queiroz et al., 2016; 
Royer et al., 2004; Scales et al., 2014). A better understand- 
ing of how sharks utilize frontal habitats and respond to 
in situ oceanographic conditions would provide informa- 
tion urgently needed for conservation and management 
planning due to the high overlap with intense fishing pres- 
sure in these areas (Queiroz et al., 2016). Tracking animals 
using airborne drones or autonomous underwater vehicles 
equipped with abiotic sensors and cameras is another 
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emerging approach to assessing microscale habitat use and 
localized environmental conditions (Figure 19.6) (Clark et 
al., 2013; Haulsee et al., 2015; Kiszka et al., 2016). 

Across taxa, smaller more hydro- or aerodynamic tag 
designs are in development or newly available such as minia- 
turized GPS-Argos satellite transmitters (Scarpignato et al., 
2016). Historically, one of the greatest limitations to marine 
telemetry has been a lack of appropriate technology to track 
the smallest taxa and youngest life stages (Hays et al., 2016; 
Mansfield et al., 2012). In October 2017 and February 2018 
the components for a new, lower-orbiting telemetry receiver 
were launched to the International Space Station (ISS) in 
association with the ICARUS Initiative (icarusinitiative. 
org). The lower-orbiting ICARUS system will reduce the 
energy required by tags to communicate with space-based 
satellite receivers such as the Argos system (Pennisi, 2011), 
thus enabling a reduction in tag size. Small (<4 to 5 g) solar- 
powered GPS tags at a cost of under €500 will be tested 
as part of this new system and will include accelerometers, 
temperature and depth sensors, and land-based tracking 
capabilities. This new alternative to the Argos system has 
the potential to revolutionize animal movement studies, 
opening up the possibility of tracking smaller or younger 
animals, particularly those that spend time at or very near 
the sea surface. 

When inferring behavior from tracking data in marine 
systems, it is critical to consider and quantify the impact 
of internal and external drivers of the animal movement. 
Surprisingly, ecological studies of shark movement using 
satellite tags are still largely focused on where animals go, 
rather than quantitative analyses of what drives their move- 
ment patterns (e.g., Bruce and Bradford, 2008; Carlson 
et al., 2010, 2014; Hoffmayer et al., 2014; Ketchum et al., 
2014; Lea et al., 2015; Sepulveda et al., 2004; Weng et 
al., 2007). Evolution toward more quantitative analyses is 
hampered by issues with autocorrelation, data quality, and 
the low spatial and temporal resolution of remotely sensed 
environmental variables (Bradshaw et al., 2007; Ferreira 
2017; Patterson et al., 2016). In addition, the development 
of modeling techniques and statistical expertise for animal 
movement is only now beginning to deal with the increased 
volume of data being generated (Patterson et al., 2016). 
However, progress is required for the statistical inference of 
animal—environment interactions for shark movement stud- 
ies. For example, kernel density estimates, utilization den- 
sities, time spent in a grid cell, and first-passage time can 
all be used as dependent variables in models such as gener- 
alized linear mixed models or generalized additive mixed 
models (Zuur et al., 2009), which can be applied with R 
packages such as gamm4 (Wood and Scheipl, 2017), mgcv 
(Wood, 2018), MuM/In (Barton, 2013), and FSSgam (Fisher 
et al., 2018). These variables can be modeled against a set of 
ecologically relevant predictors, including environmental 
(e.g., sea surface temperature, salinity, depth, bathymetry, 
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Figure 19.6 Environmental variables measured by autonomous underwater vehicle (AUV) sensors: (A) temperature (°C), (B) salinity 
(psu), (C) colored dissolved organic matter (CDOM) (ppb), (D) chlorophyll-a (ug/L), and (E) dissolved oxygen (% saturation) 
relative to water depth (m). (F) Distance to land (km). White and gray dashed vertical lines indicate the median time point of 
detection for each of the 23 sand tigers (Carcharias taurus). Black areas indicate where no data were collected. Dates are 
given as mm/dd/yy. (From Haulsee, D.E. et al., Mar. Ecol. Prog. Ser., 528, 277-288, 2015.With permission.) 


chlorophyll a), biological (e.g., size, sex, maturity stage), 
and temporal (e.g., season, month, Julian day) variables, 
to determine the importance of such predictors to animal 
behavior (Block et al., 2011; Ferreira et al., 2015; Lea et al., 
2018; Papastamatiou et al., 2013). In these models, animal 
identification is often coded as a random effect to account 
for repeated measures on an individual and allow for popu- 
lation-level inference (Zuur et al., 2009). 

The rapid uptake of animal telemetry over the last few 
decades means that big data approaches to understand move- 
ment are now being realized (Block et al., 2011; Meekan 
et al., 2017; Queiroz et al., 2016; Raymond et al., 2015; 
Rodriguez et al., 2017; Sequeira et al., 2018). These can pro- 
vide more powerful insights into changes in movement and 
behavior due to environmental factors (Block et al., 2011; 
Raymond et al., 2015), inter- and intraspecific interactions, 


anthropogenic threats, and, by searching for and describing 
universal patterns, collective behaviors and emergent prop- 
erties (Rodriguez et al., 2017; Sequeira et al., 2018). Many 
online repositories collectively document the movements of 
tens to hundreds of thousands of wild animals across diverse 
taxa spanning all continents and biomes (for a full list of 
repositories, see Campbell et al., 2016). For the most part, 
though, these repositories are not open access, thus hinder- 
ing any attempt to search for general patterns in animal 
movement and document large-scale movement (Thums et 
al., 2018). Collaborative initiatives that have facilitated data 
synthesis (e.g., TOPP, CLIOTOP, MMMAP, MEOP) are 
enabling researchers to overcome some of these issues, thus 
showcasing the great potential of “big data” and collabora- 
tions to drive the field of animal movement forward (Thums 
et al., 2018). 


372 


19.7 CONCLUSION 


Satellite transmitter technologies have been used exten- 
sively to understand the movement ecology, spatial use, and 
behavior of sharks, particularly those species that display 
large-scale movements. However, tracking data resulting 
from deployments on sharks are often very sparse and asso- 
ciated with large spatial errors, hampering the applicability 
of robust models and statistical methods to analyze shark 
movement data. Emerging technologies and the develop- 
ment of new, smaller, and less expensive tags will promote 
larger sample sizes across broader spatial scales and more 
robust analyses of tracking data. We have provided a frame- 
work for the use of satellite tracking approaches and analyti- 
cal methods to describe important ecological aspects of the 
spatial behavior of sharks, as well as future directions for the 
field of shark movement ecology. 
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acoustic telemetry, and, 143-148 
aerial surveys, and, 78, 80 
climate change, and, 58 
diet-switching, 11 
dive tourism, and, 58, 225 
during capture, 58 
energetic cost of, 55 
feeding, 78, 88, 264, 268, 344 
fine-scale, 48-50, 57, 61, 63, 107 
foraging, 118-119 


mating, 86-87, 239, 243, 311 
post-release, 88, 368 
schooling, 34 
social, 86-87, 220, 224, 338, 344, 346, 348, 
351 
swimming, 52-54, 57, 61 
tagging, and, 60, 101, 103, 104, 149 
behavioral bias, 115 
behavioral phenotypes, shark social behavior, 
346 
Belize, 292 
belt transect surveys, 72 
beluga whale (Delphinapterus leucas) eye 
lenses, 193 
benthic BRUVs, 113-115, 118 
Bering skate (Bathyraja interrupta), caudal 
thorn ageing of, 190 
berley effect, 113 
biased random bridges, 365, 367 
bigeye thresher shark, CITES listing of, 288 
bignose shark (Carcharhinus altimus), finning 
and, 291 
bimodal networks, 339, 348 
bioconversion, fatty acid, 4 
biodiversity 
assessment, 127, 257 
data, 227-228, 311, 312 
monitoring, 300 
surveys, 122, 332 
value, 25 
biofouling, sensor, 358, 359 
biologgers, 88, 344 
biologgers, high-resolution, 45-63 
biomechanics, and, 50-52 
effects of on animals, 60-61 
energy expenditure, and, 52—55 
fine-scale behaviors, and, 48-50, 56, 57, 58 
logistics, 59-63 
data acquisition, 59-61 
data handling, management, 
visualization, 61-63 
sensors used in, 46—47 
surgically implanted, 49, 59, 63 
to measure human impacts, 55-59 
biologging, defined, 46 
biomarker analysis, 1-17 
ecological applications, 7-17 
movement and migration, 14-16 
sample analysis, 5—7 
sample collection and preservation, 6 
tissues, 5—6 
stable isotopes, 4-5 
biomarker vs. ecological niches, 9 
biomass, 25, 26, 35-36, 37, 38 
body size, and, 31-33, 34 
eDNA release rates, and, 268, 273 
length—weight relationships, and, 119, 122 
predator, 40 
pyramid, 26, 33, 37 
biomechanics, 50—52 
biotic resources, 2 
blacknose shark (Carcharhinus acronotus), 
biologger attachment to, 63 
blacktip reef shark (Carcharhinus melanopterus) 
AVED-equipped, 84—85 
community detection analyses, and, 339 
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free-ranging studies of, 346 
gastric pH levels of, 144 
individual marking stability, 222 
jumping behavior, 49 
philopatry, 244 
photo-ID of, 303, 340, 350 
pigmentation patterns, 221 
population structure, 239 
small-world and scale-free networks, 348 
social connectivity, 352 
social networks, 342, 343 
spatial foraging patterns, 14 
targeted hybridization, 237 
unimodal habitat networks, 348 
unmanned aerial surveys of, 79 
blacktip shark (Carcharhinus limbatus) 
aerial surveys of, 76-77 
body acceleration and oxygen consumption, 
54 
capture behavior, 58 
DNA barcoding, and, 288 
habitat selection, 148 
laboratory growth studies, 191 
oxygen consumption and body acceleration, 
52 
population genetic structure, 239 
swimming activity after capture, 57 
bleaching vertebrae, 211 
Bligh and Dyer method of lipid extraction, 7 
blood-oxygen-level-dependent (BOLD) signal, 
167 
blubber, 4, 5 
blue shark (Prionace glauca), 30 
aerial surveys of, 77 
banding patterns, ageing and, 179 
fork length, 5'5N and, 30 
oxytetracycline validation, 181 
panmixia, 239 
post-release mortality, 368 
tagging procedures for, 361 
bluefin tuna, image analysis of, 125 
bluespine unicornfish (Naso unicornis), 184 
length-frequency models, and, 192 
bluntnose sixgill shark (Hexanchus griseus) 
AVED-equipped, 85, 88 
nuclear magnetic resonance imaging of, 
170-171 
use of neural arches for ageing, 190 
boat-based surveys, 76 
body acceleration, 46, 52 
body size, and, 54 
metabolic rate, and, 52-54 
body coloration, intensity of, 223 
body posture, 46, 47, 48, 49 
body size, metabolic rate, and, 54 
BOLD database, 266-267 
bomb radiocarbon dating, 180, 181-184, 185, 
186, 190, 192, 206, 209, 212 
analysis, 183-184 
limitations, 184 
reference chronologies, 182-183 
sample extraction, 183 
sample processing, 183 
sample requirements, 182 
bonnethead shark (Sphyrna tiburo) 
aerial surveys of, 78 
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diet, 166 
population structure, 240 
social behavior, photo-ID and, 224 
ultrasonography, and, 159 
BotCam, 117, 118, 121 
bottlenose dolphin (Tursiops truncatus), aerial 
surveys of, 80 
Brazil, 292 
broadcast spawning, 39 
broadnose sevengill shark (Notorynchus 
cepedianus) 
movement network, 348 
photo-ID of, 303 
ultrasonography, and, 159 
brownbanded bambooshark (Chiloscyllium 
punctatum), computed tomography 
scan of, 165 
Brownian bridge movement models, 150 
Brownian bridges, 365 
brown stingray (Dasyatis lata) foraging habits, 
17 
bull shark (Carcharhinus leucas) 
acoustic tagging data, 78 
acoustic telemetry and stable isotope 
analysis, and, 146 
aerial surveys of, 77 
photo-ID studies of, 223 
53C values, 11 
buoyancy, tag attachment and, 60-61, 89 
buoyancy-driven gliders, 95, 100, 107 
Burnhamia daviesi, 166 
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CAL software, 119 
calcein, 181 
calcified structures, analysis of, 7 
calcium as component of shark vertebrae, 207 
calibration models, near-infrared spectroscopy, 
202-203, 204-205, 206, 208, 209, 
212 
minimizing errors in, 211 
calibration objects, 119 
Callorhinchus milii (elephant shark), 185-186, 
236 
camera traps, 112 
captive rearing for ageing estimation, 191-192 
capture and release, 56 
capture stress, 57-58 
carbon-14, 180, 181-184, 185, 186, 192 
carbon heavy isotopes (6!°C), 3, 4-5, 7, 11, 12, 
26, 27-31 
amino acid ratios of, 17 
isotopic niches, and, 9, 10 
pelagic vs. benthic habitats, 11 
Somniosus microcephalus dietary patterns, 
and, 11 
values for shark muscle, 15 
Carcharhinidae, identifying, 308 
Carcharhinus acronotus (blacknose shark), 63 
Carcharhinus albimarginatus (silvertip shark), 
348 
Carcharhinus altimus (bignose shark), finning 
and, 291 
Carcharhinus amblyrhynchos, 14, 40, 107, 240, 
343, 348; see also gray reef shark 


Carcharhinus amboinensis, 123, 343, 347, see 
also pigeye shark 
Carcharhinus brachyurus, 123 
Carcharhinus falciformis, 287; see also silky 
shark 
Carcharhinus galapagensis, 145, 240, 288, 
348; see also Galapagos shark 
Carcharhinus leucas, 11, 123, 223; see also 
bull shark 
Carcharhinus limbatus, 52, 123, 148, 191, 239, 
288; see also blacktip shark 
Carcharhinus longimanus, 85; see also oceanic 
whitetip shark 
Carcharhinus melanopterus, 14, 144, 221, 237, 
239, 244, 339, 348; see also blacktip 
reef shark 
Carcharhinus obscurus, 123, 191, 239, 286, 
288, 291; see also dusky shark 
Carcharhinus perezi (Caribbean reef shark), 
144, 347 
Carcharhinus plumbeus, 5, 191, 239; see also 
sandbar shark 
Carcharhinus signatus (night shark), finning 
and, 291 
Carcharhinus sorrah, 203, 239, 343; see also 
spot-tail shark 
Carcharhinus tilstoni (Australian blacktip 
shark), 123, 239, 288 
Carcharias carcharodon, 236; see also great 
white shark 
Carcharias taurus, 8, 159, 180, 183, 221, 240, 
242, 291; see also gray nurse shark, 
sand tiger shark 
Carcharodon carcharias, 7, 14, 27, 76, 148, 
179, 220, 242, 243, 286, 287; see 
also white shark 
Caribbean reef shark (Carcharhinus perezi), 
347 
tagged with acceleration transmitters, 144 
spring embedding algorithms, and, 347 
catch-and-effort logbooks, 301 
catch-and-release fishing, 88, 346 
acoustic telemetry, and, 144 
catch per unit effort (CPUE), 60, 71, 122 
caudal thorn, 201 
band pair counting, 190 
use for ageing, 178, 186-190, 201, 209 
dermal denticles, and, 210 
limitations, 189-190 
methodology, 187-189 
validation, 189, 190 
centroid (CD) of isotopic niche, 10-11 
Centrophorus squamosus (leafscale gulper 
shark), 239 
Centrophorus zeehaani (gulper shark), 11 
Centroscymnus coelolepis (Portuguese dogfish), 
239 
Centroselachus crepidater (longnose velvet 
dogfish) band pair deposition, 209 
Cephaloscyllium laticeps (draughtboard shark), 
159 
Cephaloscyllium umbratile (swell shark), 190 
cerebral blood flow (CBF), 167 
cerebral blood volume (CBV), 167 
Cetorhinus maximus, 76, 185, 221, 241, 287, 
291, 361; see also basking shark 
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cetyl trimethyl ammonium bromide (CTAB), 
265 
charge-coupled device (CCD) cameras, 121 
chemical marking age validation, 181 
chemical tagging, 206 
Chilean devil ray (Mobula tarapacana), eDNA 
barcoding and, 259, 270 
Chiloscyllium arabicum, 170 
Chiloscyllium plagiosum (whitespotted bamboo 
shark), 244 
Chiloscyllium punctatum (brownbanded 
bamboo shark), 165 
chimera, use of dorsal fin spines for ageing, 185 
chlorophyll a, 99 
concentration, 40 
chondroitin sulfate, 207, 208, 210 
circadian rhythms, 54 
circular network, 339, 348 
citizen science, 299-314, 350 
data quality, 300, 306, 308, 309-310 
verification vs. validation, 310 
defined, 300-301 
ethical considerations, 307-308 
free apps, 305 
future of, 314 
marine-focused, 303-304, 308 
pitfalls, 308-309 
potential benefits of, 301-302 
projects for shark and ray research, 312-314 
implementation, 313 
scoping and planning, 313 
working with communities, 313-314 
projects, types of, 302 
quality assurance/quality control, 309-310, 
313 
scope, 302-303 
special considerations for using, 306-307 
technological advances, 304-306 
traits of, 300-301 
citizen scientists, 123, 124, 220, 227, 229 
authorship, and, 308 
Charles Darwin as, 300 
faith-based, 300 
Great Porcupine Ray Hunt, and, 310-311 
maintaining involvement of, 306 
Redmap Australia, and, 311-312 
training, 306-307 
climate change effects, 58-59, 80 
close-kin mark—recapture, 242-243 
close proximity detection interference, 138 
closed capture—mark-recapture (CMR), 224 
collagen, 7, 183, 210 
COLONY software, 242, 243 
colored dissolved organic matter (CDOM), 99, 
104 
common carp (Cyprinus carpio) 
digital drop PCR, and, 274 
environmental DNA particle size, 277 
common thresher shark (Alopias vulpinus) 
ageing consistency, 179 
band pair periodicity, 184 
CITES listing of, 288 
post-release mortality, 368 
compact cameras, 226 
complementary metal oxide semiconductor 
(CMOS) cameras, 121 
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compound-specific stable isotope analysis 
(CSIA), 16-17 
computed tomography (CT), 158, 162—166, 172 
advantages, 163-164 
applications, 165-166 
datasets, open access to, 164, 172 
limitations, 164-165 
scanners, types of, 162-163 
computer-assisted matching of individuals, 
228-229 
conductivity loggers, 47 
conductivity, temperature, and depth recorders 
(CTDs), 104 
satellite-relayed data loggers (CTD-SRDLs), 
370 
conservation 
animal-borne video and, 87-88 
DNA forensics and, 285-295 
network analysis and, 352-353 
conservation management units, population 
structure and, 239 
Consortium for the Barcode of Life (CBOL), 
266, 273, 288 
continuous-time correlated random walk 
(CTCRW), 363 
convenience sampling, 331 
Convention on International Trade in 
Endangered Species of Wild Fauna 
and Flora (CITES), 287-288, 290, 
292, 293, 294 
coral reefs, 26 
carbon-14 reference chronologies, 182 
55N-body size relationships, 35 
subsidies to, 40 
underwater visual censuses of, 31, 34, 124 
corpus calcareum, 183 
cownose ray (Rhinoptera bonasus) 
aerial surveys of, 76 
jaw, CT scans of, 166 
tag attachment, and, 60 
Cyprinus carpio (common carp), 274, 277 
cytochrome b, 256, 266, 277 
cytochrome c oxidase subunit 1 (COI), 256, 
259, 266, 273, 277, 288, 289, 292 
high mutation rate, 267 
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Dalatias licha (kitefin shark), 12 
Danio rerio (zebrafish), 168 
Darwin Core biodiversity data model, 227-228 
Dasyatis americana (southern stingray), 159 
Dasyatis fluviorum (estuary stingray), 58 
Dasyatis lata (brown stingray), 17 
Dasyatis microps (small-eyed stingray), 304 
data acquisition, biologger, 59-61 
package design, deployment, recovery, 
59-60 
tag effects on animal, 60-61 
transmitting vs. archiving, 61 
data downloads, 46 
data loggers, 134, 135, 137, 370; see also 
biologgers, high-resolution 
autonomous underwater vehicles, and, 
104-105 
data ownership, 307 


data processing, satellite tag, 362-363 
data verification vs. validation, 310 
databases, collaborative, 227-228 
decoy experiments, 74 
DeepBRUVS, 117, 118 
deepwater redfish (Sebastes mentella), length— 
frequency models and, 192 
deepwater sharks, sampling, 116-118, 120-121 
Delphinapterus leucas (beluga whale), 193 
demersal BRUVs, 113-115 
density 
aerial survey methods for assessing, 72 
estimating, 118-119, 123 
deoxyinosine, 266 
depth sensors, 46, 47, 49 
dermal denticles, 210 
detection efficiency of acoustic telemetry, 138 
devil ray 
aerial surveys of, 76 
eDNA detection of, 264 
diel cycles of activity, 48—49 
diet 
data, examples of, 27 
ontogenetic shifts in, 26-31 
reconstruction, 11-14, 16 
-switching behavior, 11 
diet—tissue-discrimination factors (DTDFs), 3, 
8, 11,13, 16, 17 
diet—tissue fractionation, 3 
dietary biomarkers, 1-17 
dietary preferences, 2 
dietary selectivity, 4 
differential pressure sensors, 50 
digital cameras, 304-305 
digital droplet PCR (ddPCR), 273-274 
digital single-lens reflex (DSLR) cameras, 226 
discrimination factor, 3 
dissolved inorganic carbon (DIC), 182, 184 
dissolved oxygen (DO) 
concentration in eDNA sample, 271 
levels, 144 
sensors, 47, 104 
distinct population segments (DPSs), 287 
distribution, aerial survey methods and, 76-78 
diversity arrays technology (DArT), 238 
dive tourism, 58, 225, 350; see also shark 
tourism 
DNA extraction from seawater, 241, 265 
DNA forensics, 285-295 
approaches, 288-291 
PCR-based species identification, 
289-290 
population of origin, 290-291 
sequence-based species identification, 
288 
case studies, 291-293 
Belize, 292 
Brazil, 292 
Hong Kong, 293 
Philippines, 293 
Taiwan, 293 
United States, 291-292 
legal protections, and, 286-288 
docosehexaenoic acid (DHA), 5 
dolphin isotopic niches, 9 
Doppler velocity loggers (DVLs), 97 


INDEX 


dorsal fin 
AVED attachment to, 88 
great hammerhead shark, 52 
tag attachment to, 361 
dorsal fin spines 
hydroxyapatite in, 207 
near-infrared spectroscopy, and, 193-194 
use for ageing, 178, 185-186, 201 
limitations, 186 
methodology, 185-186 
near-infrared spectroscopy, and, 202-213 
validation, 186 
double-counting, 122, 127, 224, 226 
double tagging, 223 
doubly labeled water, 52 
downloading of data, 140 
downward-facing BRUVs, 115 
drag, 51-52, 54 
reducing, 88-89, 108 
tagging, and, 60-61, 360, 361, 370 
draughtboard shark (Cephaloscyllium laticeps), 
ultrasonography and, 159 
drifters, 141-142 
drones, 72, 314, 370 
hydroplane, 275 
dusky shark (Carcharhinus obscurus) 
DNA barcoding, and, 288 
finning, and, 291 
legal protections, 286 
population differentiation, 239 
population structure, 239 
tag—recapture, 191 
dynamic acceleration, 46 
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eBird, 305-306, 314 
echosounder, animal-borne, 89 
echo time (T7;,), 172 
ecogenomic sensors, 275-276 
ecological pyramids, 26, 31-37 
foraging, and, 38 
size spectra, and, 33 
ecological vs. biological niches, 9 
ecosystem role of sharks and rays, 25—40 
ecotourism, 58, 145, 293, 330, 347 
eDNA, see environmental DNA 
effective population size (N,), 241-242 
female (Ny). 262 
leopard shark, 242 
egg cases, documenting number of, 303 
electrocardiogram (ECG), 47 
transmitters, 144 
electroencephalogram (EEG), 47 
electrofishing, 258 
electromyogram (EMG), 47 
telemetry, 50 
electronic tagging data, Carcharodon 
carcharias, 14 
electronic tags, 221 
electronic tracking, 2 
elephant shark (Callorhinchus milii) 
dorsal fin spine, ageing and, 185-186 
nuclear genome, 236 
Encounternet, 349 
Endangered Species Act, 286 
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endangered species, biomarker analysis and, 2 
endoscopy, 158, 160-162, 172 
historical use of, 161 
injury and health evaluation, 161 
reproductive state assessment, 161 
instrumentation 
image interpretation, 162 
imagery validation, 162 
portability, size, probe design, 161 
sedation, 161 
side effects, 162 
energy expenditure, 52-55 
energy subsidies, 39 
Enhydra lutris nereis (sea otter), 241 
enrichment factor, 3 
environmental DNA (eDNA), 123, 255-278, 294 
applications, 258-262 
population genetics, 259-263 
rare and endangered species, 259 
species inventories, 259 
barcoding, 258, 259, 266 
databases, 266-267 
reference, 273, 274-275 
capture rate variability, 269-270 
concentrations, sediment vs. seawater, 269 
defined, 256 
degradation, 256, 266, 269, 270, 276 
tropical ecosystems, 271-273 
water temperature, and, 269 
disadvantages, 258 
elasmobranch vs. teleost, 259 
future advances, 273-277 
autonomous sampling and analysis, 
275-276 
field analysis, 275 
long-range polymerase chain reaction, 
276-277 
quantitative estimates, 273-274 
taxonomic resolution, 274-275 
habitat and ecosystem effects, 270-273 
seawater vs. freshwater, 270-271 
history of, 257 
macrobial, 276 
metabarcoding, 257, 266, 270, 278 
future advances, 273-277 
quantitative estimates, 274 
reference database, 273 
species inventories, and, 259 
methods, 263-267 
field sampling, 263-265, 275 
in the laboratory, 266-267 
shedding rates, 268, 270 
species-specific vs. metabarcoding, 258 
studies, challenges of, 267-273 
contamination, 267-268 
eDNA detectability, 268-273 
vs. traditional techniques, 257-258 
environmental sensors, 104—105, 144 
epistemology, 321 
equilibrium fractionation, 3 
Eretmochelys imbricata (hawksbill sea turtle), 
184 
eShark project, 304 
essential fatty acids (EFAs), 5 
estuary stingray (Dasyatis fluviorum), thermal 
performance, 58 


ethanol, as preservative, 6 
ethical considerations, citizen science, 307-308 
ethics, 332 
case study, 333-334 
ethylenediaminetetraacetic acid (EDTA), 187 
euthanasia, 27 
EventMeasure software, 119, 122 
exome capture, 237 
exploitation of elasmobranchs, 286 
extinct cartilaginous fishes, 165-166 
eye lens proteins, 193 
eye lenses, isotopic analysis of, 6 
Eye on the Reef program, 302 
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false detections, acoustic telemetry, 138-139 
false-positive detections, 137 
Fastloc® GPS, 359, 360-361, 370 
data processing, 362 
FATscape, 16 
fatty acid analysis (FAA), 2, 3-4, 5, 6 
diet reconstructions, and, 13 
niche breadth, and, 11 
shark movement and migration, and, 16 
stable isotope analysis, and, 13 
fatty acid turnover, 6, 11 
fecundity, 243-244 
feeding behavior, 88, 264, 268, 344 
aerial surveys, and, 78 
field metabolic rate (FMR), 52, 54 
field of view (FOV), 167 
filtration, eDNA samples, 264—265 
fin bans, 287, 291, 292 
fin clips, pectoral, 209-210 
fin, dorsal, see dorsal fin, dorsal fin spines 
fin spine age reading, 185-186 
fine-scale behaviors, 48-50, 57, 61, 63, 107 
finning, 287, 291, 300, 324, 331 
in Indonesia, 321, 332-333 
first-passage time (FPT), 367-368, 370 
fish aggregation devices (FADs), 118 
fisheries, animal-borne video and, 87-88 
fisheye lenses, 226 
fishing effects on sharks, 55-58 
behavior during capture, 58 
post-release mortality, 56-57 
recovery period, 57 
floats, for tag recovery, 59, 63 
fluorescent probes, 258, 267 
fluorochrome markers, 181 
focus group, 330 
food availability, band pair growth and, 209 
foraging, 1-17 
across different ecosystems, 31 
animal-borne video, and, 84, 85-86 
areas, sharing, 38 
behavior, 118-119 
data, 49 
optimal search strategies, 367-368 
sampling rates to study, 47 
social behavior, and, 351 
state-space models, and, 363 
tiger shark, 84 
forensics, DNA, 285-295 
fork length and 5!5N relationships, 30 
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forward-facing BRUVs, 115 
fractionation factor, 3 
functional MRI (fMRI), 166, 167, 172 


G 


Galapagos shark (Carcharhinus galapagensis) 
DNA barcoding, and, 288 
genetic differentiation, 240, 294 
proximity tags, and, 145 
unimodal habitat networks, 348 
Galeocerdo cuvier, 11, 25, 27, 115, 159, 184, 239, 
348; see also tiger shark 
Galeorhinus galeus, 180, 239; see also school 
shark 
galvanic timed release (GTR), 59 
gape dimension, 38, 39, 40 
gas chromatography, 193 
Gaussian mixture modeling (GMM), 343, 347 
GenBank, 236 
generalized additive mixed models (GAMMs), 
63, 370 
general linear models (GLMs), 11, 370 
generated data, 329 
genetic drift, 240, 241-242 
genetic stock identification (GSI), 290-291 
genomic DNA (gDNA), 267 
genomics, 235-247, 294 
current applications, 239-243 
population size, 241-243 
population structure, 239-240 
mating systems, philopatry, and fecundity, 
243-244 
practical aspects, 236-238 
genotypes, 235-236 
microsatellite, 242 
parent and offspring, 243 
genotyping by sequencing (GBS), 238 
Genotyping-in-Thousands by sequencing 
(GT-seq), 237 
geographic information system (GIS), 314, 
364-365 
geolocation, 362 
Getis-Ord Gi* hotspot analysis, 365 
giant manta ray (Mobula birostris) 
ecotourism, and, 293 
photo-ID of, 303 
82°C in, 4 
Ginglymostoma cirratum, 49, 52, 159, 161, 221; 
see also nurse shark 
gliders 
buoyancy-driven, 95, 100 
wave-driven, 95—96, 99, 100 
gliding, 51-52 
Global Biodiversity Information Facility, 228 
Global FinPrint project, 115, 123, 124 
Global Fishing Watch project, 314 
Global Learning and Observations to Benefit 
the Environment (GLOBE), 299 
Global Positioning System (GPS), 72, 86, 94, 
97, 136, 141, 143, 148, 305, 358, 
360-361, 365, 370 
Glyphis garricki, 301 
Glyphis glyphis, 236, 240, 244, 266, 301; see 
also speartooth shark 
graph theory, 337 
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gray nurse shark (Carcharias taurus); see also 
sand tiger shark 
genetic drift, 242 
mtDNA variation, 240 
gray reef shark (Carcharhinus amblyrhynchos) 
AUVs, and, 107 
AVED-equipped, 85, 86, 88 
genetic panmixia, 240 
leadership patterns, 347 
mark-recapture estimates of, 31 
movement networks, 348 
small-world and scale-free networks, 348 
social networks, 343 
spatial foraging patterns, 14 
unimodal habitat networks, 348 
zooplankton stripping by, 40 
Great Barrier Reef, 224, 304, 348 
climate change, and, 310 
coral bleaching, monitoring of, 302 
great crested newt (Triturus cristatus), cDNA 
concentrations, 273 
Great Egg Case Hunt, 303 
great hammerhead shark (Sphyrna mokarran) 
BRUV studies of, 114 
CITES listing of, 288, 291-292 
finning, 291-292 
longevity, 205 
predicting older ages of, 212 
swimming, 52, 53 
vertebrae, near-infrared spectroscopy of, 
202-203, 205-210 
vertebral '*C chronologies, 182 
Great Porcupine Ray Hunt, 304, 310-311 
great white shark (Carcharias carcharodon) 
finning, and, 291 
free-ranging studies of, 346-347 
social network analysis of, 344 
transcriptomes, 236 
Greenland shark (Somniosus microcephalus), 
4, 11, 193 
biologger tagging of, 59 
eye lens, 193 
fatty acid profiles, 13 
foraging ecology, 13 
ringed seals as prey, 4 
soft tissue imaging, 164 
guitarfish (Rhinobatos horkelii), DNA forensics 
and, 292 
gulper shark (Centrophorus zeehaani), 116 
liver fatty acids, 11 
gummy shark (Mustelus antarcticus) 
band pair deposition, 185 
genetic drift, 242 
gyroscopes, 46—47 
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habitat preferences, aerial surveys and, 76-78 
habitat selection, animal-borne video and, 84—85 
habitat suitability models, 107 
habitat use, 364-367, 370 
Hall sensors, 49 
hammerhead sharks (Sphyrna spp.) 

active tracking of, 143 

aerial surveys of, 76-77, 78 

tagging procedures for, 361 


Hapi Fish Hapi Pipol project, 305 
hashtags, to identify projects, 305 
hawksbill sea turtle (Eretmochelys imbricata), 
184 
heart-rate telemetry, 52 
heavy isotopes, 2-3 
Hemigaleus australiensis (Australian weasel 
shark), 348 
hemoglobin, 167 
Heterodontus portusjacksoni (Port Jackson 
shark), 5, 27, 30, 347 
fatty acid profiles, 6 
Heterodontus ramalhiera, computed tomography 
scan of, 164 
Hexanchus griseus, 170-171, 190; see also 
bluntnose sixgill shark 
hidden Markov models (HMMs), 90 
high-performance liquid chromatography 
(HPLC), 193 
high-throughput DNA sequencing, 256, 266, 276 
high-throughput, massively parallel DNA 
sequencing, 236 
home range, 25, 26, 40, 134, 150, 151, 223, 274, 
347, 368 
defined, 364 
size, 38, 149 
Hong Kong fin trade, 293 
horn shark diet, 166 
human impacts, measuring, 55-59 
climate change effects, 58-59 
dive tourism, 58 
fishing effects, 55-58 
Humboldt squid, AVED-equipped, 89 
hydrodynamics, tag attachment and, 60 
Hydrolagus colliei (spotted ratfish), 186 
hydrophone, 101, 104, 108, 135, 143 
hydroxyapatite, 5, 183, 207-208, 209, 210, 211, 
212 
hypervolume, 9 
Hypophthalmichthys molitrix (silver carp), 
eDNA and, 258 
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imaging sensors, 47 

imaging sonars, 125 

imaging technologies, 157-173 

impedance sensors, 47 

iNaturalist, 305, 306 

in degree value, 347 

Indian Ocean Tuna Commission (IOTC), 286 

indigenous knowledge, 333-334 

Indonesian fishing communities, 332-333 

inertial measurement units (IMUs), 46, 94, 97 

infrared light, 121 

intellectual property (IP), 307 

internal transcribed spacer 2 (ITS2), 289, 294 

International Commission for the Conservation 
of Atlantic Tuna (ICCAT), 286, 292 

International Society for Ethnobiologists (ISE) 
Code of Ethics, 333 

International Union for Conservation of Nature 
(IUCN) Red List assessments, 
239-240 
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interviews, 330 
inverted trophic pyramid, 26, 31, 34, 40 
transient, 39 
isolated detections, 139 
isoscapes, 14-15, 31 
jellyfish-based, 15 
isotope diet reconstructions, 11-14 
isotope ratios, 2-3, 4, 12 
assignment models, and, 15-16 
ethanol, and, 6 
isoscapes, and, 14-15 
standard elliptical areas, and, 10 
tissue samples, and, 5, 7 
isotope tracers, 4—5 
isotopic fractionation, 3, 34, 35, 38 
isotopic niche, 9-11 
centroid, 10-11 
isotopic turnover, 5 
Isurus oxyrinchus, 7, 30, 107, 168, 180, 239; see 
also shortfin mako shark 
Iver vehicles, 97 
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Japanese wobbegong (Orectolobus japonicas) 
band pairs, 190 
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Kalman filter, 358, 362 

kernel density estimates (KDEs), 149-150, 364, 
370 

kinetic fractionation, 3 

kitefin shark (Dalatias licha) trophic ecology, 12 

kleptoparasitism, 86 
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laboratory growth for ageing estimation, 191-192 
Lamna ditropis (salmon shark) 
area-restricted search behavior of, 368 
magnetic resonance imaging of, 168 
Lamna nasus, 181, 191, 368; see also porbeagle 
shark 
laparoscopy, 161 
largetooth sawfish (Pristis pristis) 
DNA forensics, and, 292 
eDNA, and, 259 
effect of temperature on, 58 
whole mitogenome sequencing of, 240 
laser ablation accelerated mass spectrometry, 
183 
Lates calcarifer, 168, 203, 208; see also 
barramundi 
Latimeria chalumnae, 170 
lead-210 dating, 186 
leafscale gulper shark (Centrophorus 
squamosus), single stocks of, 239 
legal protections, 286-288 
lemon shark (Negaprion brevirostris) 
A'S5N values in, 8 
acceleration data, 49 
acoustic telemetry, and, 134 
aerial surveys of, 76-77, 78 
body acceleration and oxygen consumption, 
54 
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capture behavior, 58 
free-ranging studies of, 346 
habitat selection, 148 
lab and semi-captive studies on, 346 
mating behavior, genetic reconstruction 
and, 243 
mitochondrial DNA, 145 
philopatry, 240 
population structure, 342 
proximity tags, and, 145 
social network analysis of, 344, 346 
tag attachment, and, 60 
length—frequency analysis, 178, 180 
length—weight relationships, 34, 119-120 
lentic vs. lotic systems, eDNA and, 270, 274 
leopard shark (Triakis semifasciata) 
active tracking of, 105-106 
aerial survey of, 80 
ASN values in, 8 
feeding events, gastric pH and, 144 
isotopic turnover in, 5 
magnetic resonance imaging of, 168 
lesser spotted catshark (Scyliorhinus canicula) 
transcriptome, 236; see also small- 
spotted catshark 
Leucoraja erinacea (little skate), 180, 236 
library, DNA fragments, 238 
light-emitting diodes (LEDs), 89, 161 
light isotopes, 2-3 
line transect surveys, 72, 74, 76 
linkage disequilibrium (LD), 241, 242 
lipid extraction, 6, 7 
little skate (Leucoraja erinacea) 
band pair deposition, 180, 192 
band pair periodicity, 192 
nuclear genome, 236 
livelihood, 320-321 
liver, 27 
chondrichthyan, 4 
ASN values, 8 
fatty acid concentrations, 6 
location classes, Argos system, 358, 360, 362 
locomotion, 50-52 
logger—transmitter hybrid tags, 49 
loggers, see biologgers, high-resolution 
longitudinal relaxation time (7,), 172 
longline surveys, 113, 120, 121, 368 
longnose velvet dogfish (Centroselachus 
crepidater) band pair deposition, 209 
long-read sequencing, 276-277 
long-wave ultraviolet (UV) light, 181 
Lugol’s solution, 164-165 
Lutjanus malabaricus (saddletail snapper), 203 


machine learning techniques, 61 
magnetic resonance imaging (MRI), 158, 162, 
166-172 
anatomical vs. functional, 166 
functional, 167 
requirements and limitations, 167-172 
data acquisition, 172 
data processing, 172 
instrumentation, 168 
specimen preparation, 170-171 


magnetometers, 46—47 
makos (Isurus sp.); see also shortfin mako shark 
catch quotas, 368 
tagging procedures for, 361 
malar thorns, 186 
manned aerial surveys, 74, 75-78 
manta ray (Mobula spp.), 220 
aerial surveys of, 76 
computer-assisted matching applications 
for, 228 
photo-ID of, 303 
tagging procedures for, 361 
Manta vs. Mobula genus, 237 
MantaMatcher, 224, 228, 229 
marginal increment analysis (MIA), 179, 180 
marginal value theorem of optimal foraging, 
118 
marine protected areas (MPAs), 134, 287, 368 
Markov condition, 363 
mark-recapture, 31, 35, 74, 181, 206, 223, 224, 
241, 363-364 
close-kin, 242-243 
leopard sharks, 242 
photo-ID, and, 225, 228 
mating behavior, 239, 243, 311 
animal-borne video, and, 86-87 
mating systems, 243-244 
Maugean skate (Zearaja maugeana) 
eDNA barcoding, and, 259 
eDNA degradation, 269, 271 
sampling for eDNA, 264 
MaxN counts, 122, 127 
mechanical tailbeat sensors, 50 
medical vs. industrial computed tomography 
scanners, 162-163 
megamouth shark (Megachasma pelagios), 
active tracking of, 143 
metabarcoding, eDNA, 257, 266, 270, 278 
future advances, 273-277 
quantitative estimates, 274 
reference database, 273 
species inventories, and, 259 
metabolic rate, 86 
body acceleration, and, 52-54 
body size, and, 54 
dive tourism, and, 58 
eDNA, and, 268 
field, 52, 144 
transmitted acceleration data, and, 61 
methane tricaine sulfonate (MS-222), 160, 161 
microsatellite loci, 235-236, 239, 241, 243-244 
white shark, 242 
migration, 239 
biomarker values and, 14-16 
eDNA shedding, and, 268 
environmental and habitat preferences 
during, 367 
single stock status, and, 239 
size-based interactions, and, 37—40 
milk shark (Rhizoprionodon acutus) genetic 
drift, 242 
minimum convex polygons (MCPs), 149-150 
minor groove binding (MGB), 267 
mirrorless cameras, 226 
missing time, 180 
mitochondrial control region (mtCR), 291 
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mitochondrial DNA (mtDNA), 145, 235, 239, 
240, 256, 266, 291 
bonnethead shark population structure, 
and, 240 
philopatry, and, 243 
variability, 240 
mitogenome sequences, 240 
speartooth shark, 236 
mixed-methods research, 329 
case study, 333-334 
mixing models, isotope, 12-14, 28 
movement, and, 14-16 
mobile apps, 305 
mobile platforms, 141-143 
Mobula alfredi, 221, 293, 303; see also reef 
manta ray 
Mobula birostris (giant manta ray), 4, 293, 303 
Mobula spp. photographic identification, 220 
Mobula tarapacana (Chilean devil ray), cDNA 
barcoding and, 259, 270 
mobulid rays, aerial surveys of, 78 
Mobulidae, CITES listing of, 288 
Mola mola, 85—86, 370; see also ocean sunfish 
monitoring sharks, advanced capacity for, 
146-148 
monounsaturated fatty acids (MUFAs), 3, 4, 5, 6 
short-chain vs. long-chain, 5 
mooring, acoustic telemetry equipment, 140 
morphological traits, shared, 123 
motility sensors, 47, 49 
motion sensor data, analysis of, 61 
motion sensors, 46, 47 
movement, biomarker values and, 14-16 
movement ecology, 1-17, 357-372 
movement networks, 347-348, 349, 352 
movement patterns, 134, 342, 358 
Fastloc® GPS, and, 361 
satellite telemetry, and, 363-364 
Mozambique tilapia (Oreochromis mossambicus) 
eDNA degradation rates, 269 
mucus layer, 268 
multi-beam echosounders (MBESs), 125 
multilateral environmental agreement, 287 
multilayer networks, 351 
multiple paternity, 243 
multiple regression quadratic assignment 
procedure (MRQAP), 348, 349 
multiplexing, 236 
multisensor tagging, 349 
muscle tissue 
diet reconstructions, and, 12 
fatty acid concentrations, 6 
niche breadth models for, 9 
53C and 6!5N values, 10, 15, 27 
museum specimens, 163 
Mustelus antarcticus (gummy shark), 185, 242 
Mustelus canis (smooth dogfish), 287 
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Naso unicornis (bluespine unicornfish), 184, 192 

natal philopatry, 243, 244 

National Audubon Society Christmas Bird 
Count, 301 

National Marine Fisheries Service Cooperative 
Shark Tagging Program, 63 
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naturally occurring data, 329 
near-infrared spectroscopy, 190, 193-194, 
201-213 
advantages, 203 
age verification vs. validation, 206 
applications to ageing, 205-210 
considerations, 211-212 
calibration models, 202-203, 204-205, 206, 
208, 209, 211, 212 
instruments, 212 
potential uses of, 212-213 
practical aspects of, 203-205 
reference values, 205 
sample storage, 211 
nearest neighbor distances (NDDs), 10 
Nebrius ferrugineus (tawny nurse shark), 348 
Negaprion acutidens, 221, 348, 244, 340; see 
also sicklefin lemon shark 
Negaprion brevirostris, 8, 49, 148, 240, 342; 
see also lemon shark 
negative buoyancy, 51, 60 
negatively buoyant tags, 59, 60 
Neogobius melanostomus (round goby), 274 
network analysis, 337-353 
future developments, 349-353 
interpretation and output of, 344 
limitations of, 348-349 
management and conservation applications, 
352-353 
networks, acoustic telemetry, 147, 150 
neural arches, use for ageing, 178 
niche breadth, 9-11, 12 
nicotine adenine dinucleotide dehydrogenase 
subunit 4 (NADH4), 266 
night shark (Carcharhinus signatus), finning 
and, 291 
NIRS, see near-infrared spectroscopy 
nitrogen heavy isotopes (6!°N), 3, 4-5, 6-7, 12, 
26, 34, 38 
fork length, and, 30 
isotopic niches, and, 9, 10 
trophic position, and, 7-8, 16-17, 27-31, 35 
nocturnal sharks, sampling, 120-121 
node-based metrics, 338-339 
node degree, 338 
non-detriment finding (NDF), 287, 288, 292 
nonlethal ageing, 209-211 
nonlinear mixed models (NLMMs), 63 
non-probability sampling techniques, 331 
northern right whale (Eubalaena glacialis), 
aerial surveys of, 77 
Notorynchus cepedianus (broadnose sevengill 
shark), 159, 303, 348 
nuclear genome, 235, 236, 238, 240 
nuclear magnetic resonance (NMR), 170 
nucleotide sequencing, 235 
null hypothesis significance testing, 343 
null spatial networks, 343 
nurse shark (Ginglymostoma cirratum) 
acceleration data, 49 
aerial surveys of, 77 
animal-borne video, and, 87 
body acceleration and oxygen consumption, 
54 
capture behavior, 58 
endoscopy of, 161 


oxygen consumption and body acceleration, 
52 

recognizable individuals, 221 

ultrasonography, and, 159 
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observer bias, 307 
Ocean Biogeographic Information System, 228 
ocean sunfish (Mola mola) 
AVED-equipped, 85-86 
Fastloc® GPS tags deployed on, 370 
feeding habits, 86 
oceanic whitetip shark (Carcharhinus 
longimanus) 
AVED-equipped, 85, 86-87, 90 
CITES listing of, 288 
fin trade in Taiwan, 293 
ontogenetic shifts 
in diet, 25, 26-31, 38 
in natural markings, 223 
ontology, 321 
open-ended interview, 330 
Open Reef, 314 
optimal foraging, marginal value theorem of, 
118 
optimal search strategies, 367-368 
Orectolobus japonicas (Japanese wobbegong), 
190 
Orectolobus maculatus (spotted wobbegong), 
148 
Orectolobus spp., photo-ID studies of, 223 
Oreochromis mossambicus (Mozambique 
tilapia), 268 
otoliths, 178, 181, 183 
ethanol and formalin, and, 211 
near-infrared spectroscopy, and, 203, 208 
sample storage, 211 
oven drying of samples, 6 
overall dynamic body acceleration (ODBA), 52, 
54, 55, 57, 58, 60 
oxygen consumption, 52 
body acceleration, and, 54 
oxygen isotopes (5'8O), 4-5 
oxygen sensors, 144 
oxytetracycline (OTC), 180, 181, 185, 186, 191 
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Pacific angel shark (Squatina californica) band 
pair deposition, 184, 185 
Pacific chub mackerel (Scomber japonicus) 
eDNA decay rates, 271 
Pacific salmon, 39 
Pacific sauri (Cololabis saira) as bait, 120 
Pacific spiny dogfish (Squalus suckleyi) 
age validation, 212 
dorsal fin spine age estimates, 186 
Pagrus auratus (snapper), 203 
Palmyra Atoll, 14 
Pangasianodon hypophthalmus (striped catfish), 
144 
panmixia, 239, 240 
paradigm, social science, 321 
parson-naturalist, 300 
parthenogenesis, genetic markers and, 244 
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partial dynamic body acceleration (PDBA), 
52, 55 
partial least squares (PLS) regression, 205, 206 
participatory action research (PAR), 302, 326 
passive acoustic recorders, 47 
passive tracking, 94, 98-100 
Patagonian toothfish, 119 
paternity, multiple, 243 
pectoral fin 
AVED attachment to, 88 
clips, ageing and, 209-210, 212 
photo-ID, and 226 
pelagic BRUVs, 118 
pelagic thresher shark, CITES listing of, 288 
perception bias, 74, 76 
perfluoropolyether (PFPE), 170 
perpetual tags, 147 
phenol:chloroform:isoamyl alcohol (PCI) DNA 
extraction, 265 
Philippines, DNA forensics and, 293 
Philippine spurdog (Squalus montalbani), 209 
dorsal fin spines, near-infrared spectroscopy 
of, 203, 205-210 
longevity, 205 
predicting older ages of, 212 
philopatry, 239, 243-244 
phospholipids, 3 
photographic identification (photo-ID), 72, 
219-230, 303-304, 305, 340, 350 
advantages, 220-221 
applications, 223-225 
biology and ecology study support, 224 
population size and demographics, 224 
residency and movement, 223-224 
social behavior, 224 
challenges, 225-226 
collaborative databases, 227-228 
computer-assisted, 228-229 
practical considerations, 226-227 
equipment, 226 
minimizing sources of error, 227 
standardizing identification, 226-227 
re-identifying individuals over time, 
221-223, 224 
successful studies, rules for, 221-223 
validation, 223 
photomultiplier tubes (PMTs), 89 
photosynthesis, 3 
photosynthetically active radiation (PAR), 104 
pH sensors, 47, 49, 144 
phylogeography, 262 
pigeye shark (Carcharhinus amboinensis), 123 
null spatial networks, 343 
spring embedding algorithms, and, 347 
piked spurdog (Squalus megalops) 
dorsal fin spines, near-infrared spectroscopy 
of, 203, 205-210, 208, 209, 210, 212 
pectoral fin clips, near-infrared spectroscopy 
of, 210, 212 
predicting older ages of, 212 
vertebrae, near-infrared spectroscopy of, 
208, 212 
pilot testing, research, 327 
pings, acoustic telemetry, 147 
pink whipray (Himantura fai), unmanned aerial 
surveys of, 79 
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planktivores, 40 
polymerase chain reaction (PCR), 235, 236, 258, 
266, 288 
eDNA quantitative estimates, and, 273-274 
inhibition, 265, 270, 273 
long-range, for environmental DNA 
applications, 276-277 
species-specific, 289-290 
polyunsaturated fatty acids (PUFAs), 3, 4, 5, 6 
Pool-seq, 237-238 
population densities, 118-119 
population differentiation, genetic studies of, 
239-240 
population genetics, 240, 259-263 
population models, continuous-time, 229 
pop-up satellite archival tags/transmitters 
(PSATs), 57, 61, 359-360, 361, 363, 
368 
towed, 361 
porbeagle shark (Lamna nasus) 
band pair deposition, 180 
band pair periodicity, 184 
CITES listing of, 288 
oxytetracycline validation, 181 
post-release mortality, 368 
tag—recapture, 191 
vertebral '*C measurements, 182, 184, 193 
porcupine ray (Urogymnus asperrimus), 310-311 
photo-ID of, 304 
Port Jackson shark (Heterodontus portusjacksoni), 
5 
co-occurrence networks, 347 
diet, 27, 30 
fatty acid profiles, 6 
Portuguese dogfish (Centroscymnus coelolepis), 
single stocks of, 239 
positive buoyancy, 51-52 
positively buoyant tag, 60 
positivism, 322 
post-exhaustion recovery, 54 
post-release behavior, 88, 368 
post-release mortality, 56-57, 59-60, 112, 368 
postmodernism, 322 
potassium iodide solution, 165 
poverty interventions in fishing communities, 
321 
POWSIM software, 242 
precipitation, eDNA samples, 264 
predation tag, 145 
predator-prey interactions, 225 
predator-prey mass ratio (PPMR), 26, 33-37, 40 
community-wide, calculating, 35, 40 
home range, and, 38 
predator vs. prey biomass, 31 
prescriptive sampling, 306 
presence-only calibration (POC) plot, 307 
pressure, measurement of, 46 
pressure sensor tags, 143, 144 
prey abundance as determined by animal-borne 
video, 85 
prey and predator mass relationship, 26 
primary producers 
fatty acid production in, 4 
isotopic fractionation factors in, 3 
53C values, 4 
primer sets, 266 


Prionace glauca, 30, 179, 239, 361; see also 
blue shark 

Pristis pectinata, 244, 286, 304; see also 
smalltooth sawfish 

Pristis pristis, 58, 240, 259; see also largetooth 
sawfish 

probability density function, 72 

probability sampling techniques, 331 

production-to-biomass ratio (P/M), 31, 33, 35, 39 

propeller-driven AUVs, 96-97, 100, 103 

provenance, specimen, 286-287 

proximity loggers, 86, 341-342, 349 

proximity receivers, 349 

proximity tags, 145 

proximity transmitters, 49 

pseudo-track, 47 

pulse interval coding (PIC), 99, 108 

purposive sampling, 331 
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quality assurance/quality control, citizen 
science, 309-310, 313 
quantitative fatty acid signature analysis 
(QFASA), 13 
quantitative polymerase chain reaction (qPCR), 
257, 258, 273, 270 
assays, design and validation of, 267 
eDNA quantitative estimates, 273-274 
quantitative vs. qualitative data, 328-329 
analysis, 63 
quotas, fisheries catch, 134 
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R software, 29, 149, 338, 362, 363, 364, 365, 
367, 370 
radioactive isotopes, 2 
radiocarbon (4C) dating, 180, 181-184, 185, 
186, 190, 192, 193, 206, 209, 212 
analysis, 183-184 
limitations, 184 
reference chronologies, 182-183 
sample extraction, 183 
sample processing, 183 
sample requirements, 182 
rafting behavior, 304 
Raja clavata (thornback ray) 
caudal thorn ageing, 190 
chemical marking of, 181 
ultrasonography, and, 159 
random networks, 339, 344 
random sample, 331 
range of attraction, 122 
rare behaviors, identifying, 49-50 
ray sanctuary, 287 
real-time polymerase chain reaction (rtPCR), 
294 
recovery, biologger, 59-60 
red drum (Sciaenops ocellatus), biologger 
attachment to, 63 
Red List, IUCN, 239-240 
Redmap Australia, 311-312 
reduced representation, 238 
Reef Environmental Education Foundation, 304 
Reef Life Survey, 302, 304 
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reef manta ray (Mobula alfredi) 
ecotourism, and, 293 
individual marking stability, 222 
photo-ID of, 303 
movements, and, 223, 224 
pigmentation patterns, 221 
recognizable individuals, 221, 222 
shark predation of, photo-ID and, 225 
reference sets, band pair counting, 179 
regional fisheries management organizations 
(RFMOs), 286, 287, 293 
regional philopatry, 243, 244 
regional variability in growth, 211-212 
relative abundance, 35 
release-and-recovery mechanisms, 59 
remotely operated camera systems, 112 
remotely operated vehicles (ROVs), 94, 124, 229 
remotely piloted aerial systems (RPASs), 72 
remote underwater video (RUV), 112, 123 
REMUS vehicles, 97, 99, 100, 106, 107 
repetition time (7), 172 
replication, underwater camera deployment, 
121-122 
reproductive behavior, biologgers and, 49 
reproductive cycles, assessment of by 
ultrasonography, 159 
research “onion,” 322 
reservoir age (AR), 193 
reservoir removal analysis, 352 
resource selection functions (RSFs), 367 
resource selection probability functions (RSPFs), 
367 
respirometer choice, 52-54 
restriction enzymes, 238 
restriction-site-associated DNA sequencing 
(RAD-seq), 238 
Rhincodon typus, 16, 76, 168, 170, 220, 236, 
239, 269, 287, 301, 303; see also 
whale shark 
Rhizoprionodon acutus (milk shark), 242 
Rhizoprionodon terraenovae (Atlantic 
sharpnose shark), 191 
Rhinoptera bonasus, 76; see also cownose ray 
ribbontail stingray (Taeniura lymma), 
ultrasonography and, 159 
ringed seals, as prey, 4, 13 
river sharks (Glyphis spp.), 123 
citizen science observations of, 301 
targeted hybridization, 237 
RNA sequencing (RNA-seq), 238 
ROBIO lander, 118 
rolled swimming, 52 
root mean square error of cross-validation 
(RMSECV), 205 
ropes, use of at depth, 117 
round goby (Neogobius melanostomus), digital 
droplet PCR and, 274 
tRNA (12S and 16S), 256, 266, 277 
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saddletail snapper (Lutjanus malabaricus), 
ageing using near-infrared 
spectroscopy, 203, 208 

Safecast project, 314 

salinity, response to changes in, 134 
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salmon shark (Lamna ditropis) 
area-restricted search behavior of, 368 
magnetic resonance imaging of, 168 
sampling, 331 
association indexes, 343 
assumptions and randomization analysis, 
343-344 
bias, 307 
data, aggregation of, 350-351 
data collection methods, 340-343 
determining sample size, 365-367 
sanctuaries, shark, 287 
sand tiger shark (Carcharias taurus); see also 
gray reef shark 
acoustically tagged, 99 
band pair periodicity, 184 
ASN values, 8 
finning, and, 291 
interactions, seasonal variation in, 347 
movements, photo-ID and, 223 
pigmentation patterns, 221 
radiocarbon dating of, 180, 182, 183 
scoliosis, 166 
ultrasonography, and, 159 
vertebral '‘C measurements, 193 
sandbar shark (Carcharhinus plumbeus) 
diet-switching experiment, 5 
laboratory growth studies, 191 
population structure, 239 
tag—recapture, 191 
sandpaper skate, maximum length of, 192 
Sanger sequencing, 258 
sardines as bait, 120 
satellite tags 
data processing, 362-363 
filtering and interpolation, 362-363 
geolocation, 362 
deployment procedures, 361 
retrieval of, 360 
spatial errors, 358, 359, 360, 365 
types of, 358-361 
pop-up satellite archival transmitters 
(PSATs), 359-360, 361 
satellite-linked transmitters, 358-359 
satellite telemetry, 46, 48, 50, 56-57, 59, 60, 63, 
88, 94, 120, 134, 135, 136-137, 221, 
357-372 
applications, 363-369 
new technologies, 369-371 
photo-ID, and, 223, 229 
proximity tags, and, 145 
saturated fatty acids (SFAs), 3, 5 
scale-free network, 339, 348 
scalloped hammerhead shark (Sphyrna lewini) 
active tracking of, 143 
CITES listing of, 287, 291-292, 293 
distinct population segments, 287 
finning, 291-292 
natal source population of origin, 291 
oxygen consumption and body acceleration, 
52 
population structure, 239 
tag attachment, and, 60 
tailbeat frequency, metabolic rate and, 144 
scallops, isoscapes and, 15 
scarring, photo-ID and, 220, 221, 223, 225, 226 


school shark (Galeorhinus galeus) 
band pair deposition, 185 
band pair validation, 180 
single stock status, 239 
schooling behavior, 34 
scoliosis, sand tiger shark, 166 
Scomber japonicus (Pacific chub mackeral), 271 
scuba divers, 112, 119, 120, 123, 140, 220, 225, 
229 
as citizen scientists, 303, 304, 307, 308, 
309, 311-312 
Scyliorhinus canicula, 159, 236, 344; see also 
small-spotted catshark 
sea mullet (Mugil cephalus) as bait, 120 
sea otter (Enhydra lutris nereis), genetic 
estimates of population size, 241 
seal blubber, 4 
seawater, extraction of DNA from, 241 
Sebastes fasciatus (Acadian redfish), 192 
Sebastes mentella (deepwater redfish), 192 
Sebastes ruberrimus (yelloweye rockfish), 193 
sedation, 160, 161 
semi-structured interview, 330, 332 
sensors, 143-146 
acceleration, 49, 89, 144 
autonomous underwater vehicle (AUV), 98 
behavior, 144-145 
biofouling of, 358, 359 
biologger, 46-47 
depth, 46, 47, 49, 74 
differential pressure, 50 
dissolved oxygen, 47, 104 
ecogenomic, 275-276 
environmental, 104—105, 144 
Hall, 49 
imaging, 47 
impedance, 47 
integrating data from, 145-146 
mechanical tail-beat, 50 
motility, 47, 49 
motion, 46, 47 
oxygen, 144 
pH, 47, 49, 144 
pressure, 143, 144 
swimming speed, 47 
temperature, 46, 47, 49, 54, 58-59, 143, 144 
wet—dry, 358 
serial depletion, 112 
sexual segregation, 224, 225 
sexually dimorphic growth, 211-212 
shared user agreements, 228 
shark 
acoustic telemetry studies of, and, 133-152 
acoustically tagged, 94-108 
aerial surveys, 71-80 
age and growth studies, 178-194 
ageing using near-infrared spectroscopy, 
201-213 
citizen science, 299-314 
dietary markers, 1-17 
DNA forensics, 285-295 
ecology, 4-5, 83-90 
use of animal-borne video to study, 
83-90 
network analysis and, 337-353 
ecosystem role of, 25—40 
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environmental DNA, 256-278 
imaging technologies, 158-173 
fins, sale of, 287, 288, 291, 292, 293 
foraging, 1-17 
genetics, 235-247 
high-resolution biomarkers, and, 46-63 
photographic identification, 220-230 
satellite tracking technologies, 358-372 
social science, and, 320-334 
stationary underwater video, and, 112-127 
structures, age-related changes in, 206-208 
tourism, 75, 79, 145, 146, 320, 330; see also 
dive tourism 
wall of mouths, 40 
Shark Base project, 304 
Shark Search Indo-Pacific project, 304, 307 
Shark Trust, 303 
short baseline (SBL) system, 101, 103, 105, 108 
shortfin mako shark (Zsurus oxyrinchus) 
AUVs, and, 107 
band pair periodicity, 184 
band pair validation, 180 
6'5N values, 7, 30 
magnetic resonance image of, 168 
oxytetracycline validation, 181 
panmixia, 239 
shortnose sturgeon (Acipenser brevirostrum) 
tagged with VEMCO transmitters, 
99 
sicklefin lemon shark (Negaprion acutidens) 
non-random communities, 347 
oxygen consumption and body acceleration, 
52 
philopatry, 244 
photo-ID of, 303, 340 
recognizable individuals, 221 
unimodal habitat networks, 348 
signal-to-noise ratio (SNR), 167, 168, 170 
silky shark (Carcharhinus falciformis) 
CITES listing of, 288, 293 
retention bans on, 287 
silver carp (Hypophthalmichthys molitrix), 
eDNA and, 258 
silvertip shark (Carcharhinus albimarginatus) 
unimodal habitat networks, 348 
single- and split-beam echosounders, 125 
single nucleotide polymorphisms (SNPs), 240, 
243, 294 
genomic methods for, 236-238 
size, age estimation and, 212 
size-based interactions, 25—40 
size mode analyses, 192 
size spectra, 33 
slimy coatings, DNA and, 268 
Slocum glider, 95, 98, 99, 100, 142 
small-eyed stingray (Dasyatis microps) 
photo-ID, 304 
small-spotted catshark (Scyliorhinus canicula) 
lab and semi-captive studies on, 346 
movement, study of, 348 
social network analysis of, 344, 346 
space use, 347 
ultrasonography, and, 159 
smalltooth sawfish (Pristis pectinata) 
citizen scientist observations of, 304 
legal protection of, 286 
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mating habits, genetic reconstruction and, 
243 
parthenogenesis, 244 
philopatry, 244 
small-world networks, 339, 348 
smartphones, 305 
smooth dogfish (Mustelus canis) fin bans and, 
287 
smooth hammerhead shark, CITES listing of, 
287, 293 
snapper (Pagrus auratus) ageing using near- 
infrared spectroscopy, 203, 208 
snowball sampling, 331 
soak time, underwater video camera, 121-122 
social behavior, 220, 224, 338, 344, 346, 348, 
351 
animal-borne video, and, 86-87 
social media, 301, 305, 306 
social network analysis (SNA), 338, 344, 
346-347, 352, 353 
social network data, 49 
social networks, 338, 339, 344-347, 351, 353 
constructing, 342-343 
social science, 319-334 
case studies, 332-334 
contributions to shark research, 323-326 
analyze perceptions, 323-324 
evaluate decision-making processes, 
324-325 
identify trends, 323 
investigate inequality, 325 
understand different cultures, 325-326 
data types and collection, 328-331 
interviews, 330, 332-333 
observation, 330, 332-333 
quantitative vs. qualitative, 328-329 
sampling, 331 
surveys, 330 
ethics, 332, 333-334 
planning and research design, 326-328 
defining research questions, 326 
field work requirements, 326-327 
fieldwork strategies, 327-328 
methodologies, 326 
shark management and conservation, and, 
320-321 
social and economic impact research, 326 
theoretical foundations of, 321-322 
types of research, 321 
vs. biological sciences, 322 
Somniosus microcephalus (Greenland shark), 
4, 11, 193 
biologger tagging of, 59 
eye lens, 193 
fatty acid profiles, 13 
foraging ecology, 13 
ringed seals as prey, 4 
soft tissue imaging, 164 
sonar, 104, 107, 108, 125-132 
sonography, 158-160 
southern bluefin tuna (Thunnus maccoyii) 
65N values, 30 
estimating population size, 241 
southern stingray (Dasyatis americana), 
ultrasonography of, 159 
space use, 150 


spatial networks, 338, 339, 347-348, 351-352, 353 
null, 343 
structure of, 344 
spatiotemporal autocorrelation, 149 
spawning, broadcast, 39 
speartooth shark (Glyphis glyphis) 
mitogenome sequences, 236, 240 
mitogenomic sequencing, 266 
philopatry, 244 
population structure, 240 
siblings, 240 
specialization indices, 11 
species detection, 257 
specific dynamic action (SDA), 54 
speed, calculating, 363-364 
speed, networks and, 351-352 
Sphyrna lewini, 143, 237, 239; see also 
scalloped hammerhead shark 
Sphyrna mokarran, 52, 53, 114, 182, 202, 292; 
see also great hammerhead shark 
Sphyrna tiburo, 159, 224, 240; see also 
bonnethead shark 
spiny dogfish (Squalus acanthias) 
dorsal spines of, 185-186 
fin bans, and, 287 
muscle and liver fatty acid profiles, 11 
single stock status, 239 
vertebrae age estimates, 208 
spiny dogfish, Pacific (Squalus suckleyi) 
age validation, 212 
dorsal fin spine age estimates, 186 
spot-tail shark (Carcarhinus sorrah) 
longevity, 205 
null spatial networks, 343 
population genetic structure, 239 
predicting older ages of, 212 
vertebrae, near-infrared spectroscopy of, 
203, 205-210 
Spotashark, 228, 229 
spotted eagle ray (Aetobatus narinari) 
photo-ID of, 340 
pigmentation patterns, 221 
recognizable individuals, 221 
spotted ratfish (Hydrolagus colliei) dorsal fin 
spine, ageing and, 186 
spotted wobbegong (Orectolobus maculatus) 
social networks, 148 
SPURV (Special Purpose Underwater Research 
Vehicle), 94 
Squalus acanthias, 11, 186, 239, 287; see also 
spiny dogfish 
Squalus megalops, 203; see also spiked spurdog 
Squalus montalbani (Philippine spurdog), 203 
Squalus suckleyi (spiny dogfish), 186, 212 
Squatina californica (Pacific angel shark), 184, 
185 
stable isotope analysis (SIA), 2-3, 4—5, 6, 8, 9, 
10, 13, 16, 26, 27-31, 34, 35, 40, 351 
acoustic telemetry, and, 145-146 
compound-specific, 16-17 
fatty acid analysis, and, 13 
standard elliptical area (SEA,), 9-10 
standard metabolic rate (SMR), 54 
state-space models (SSMs), 150, 363, 367 
state-space unscented Kalman filter, 362 
stationary underwater video, 111-127 
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baited, 112-113; see also baited remote 
underwater video systems (BRU Vs) 
deepwater, 116-118 
future of, 124-127 
automatic image analysis, 124—125 
sonar, 125-132 
image analysis, 122 
limitations, 123-124 
sampling effort, 121-122 
strengths, 122-123 
unbaited, 112 
Stegostoma fasciatum, 221, 239, 242, 244; see 
also zebra shark 
step-selection functions (SSFs), 367 
stereo-BRUVs, 117, 118, 119-120, 122-123 
imaging sonar, and, 126-127 
stereo-video, 112, 115, 117, 118, 119-120, 122, 
123, 124, 125, 127 
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stingrays 
brown, 17 
estuary, 58 


ribbontail, 159 
small-eyed, 304 
sonar footage of, 125-126 
southern, 159 
stock structure, 239-240 
stomach content analysis, 2, 9, 13, 27, 34 
brown stingray (Dasyatis lata), 17 
kitefin shark, 12 
stomach eversion/flushing, 27 
stratified sampling, 331 
striped catfish (Pangasianodon hypophthalmus), 
combined oxygen and pressure tags 
used to study, 144 
striped marlin 65N values, 30 
strip transect surveys, 72, 74 
strip width, survey, 72 
strontium isotopes (887Sr), 4, 5 
structured interview, 330 
subjectivity of band pair counts, 179 
subpopulations, defined, 239 
sulfur heavy isotopes (6*4S), 4 
surface downloading of data, 140 
surveys, 330 
swell shark (Cephaloscyllium umbratile) band 
pairs, 190 
swim bladder, 60, 125 
swimming behavior, 52-54, 57, 61 
swimming speed 
autonomous underwater vehicles, and, 107 
bait plumes, and, 118, 121 
calculating, 362-364 
maximum, 122, 139, 351-352 
metabolic power, and, 54—55 
oxygen consumption, and, 52 
sensors, 47 
tag effects on, 60 
unfeasible, 139 
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Taeniura lymma (ribbontail stingray), 159 
tag—recapture, 180, 181, 187 

ageing, 191 
tag shedding, 220, 241, 358, 360, 364 
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tagging, 223; see also biologgers, satellite tags 
acoustic, 94-108 
drawbacks of, 220-221 
effects on behavior, 60, 101, 103, 104, 149 
multisensor, 349 
tailbeat amplitude, 48 
tailbeat frequency, 47, 48, 52, 57, 60, 126 
metabolic rate estimating, and, 144 
Taiwan case study, 293 
tandem mass spectrometry, 193 
targeted hybridization, 237, 238 
tawny nurse shark (Nebrius ferrugineus), 
unimodal habitat networks, 348 
telemetry, acoustical, see acoustical telemetry 
telemetry, conventional, 47, 48 
temperature 
effect of on largetooth sawfish, 58 
response to changes in, 134 
sensors, 46, 47, 49, 54, 58-59, 143, 144 
water, eDNA and, 269 
tethered satellite-linked tags, 361 
tetracycline, 181 
thermal gradients, 98 
thermal performance, 58-59 
thermistor, muscle-placed, 86 
thornback ray (Raja clavata) 
caudal thorn ageing, 190 
chemical marking of, 181 
ultrasonography, and, 159 
threatened chondricthyan species, 55 
three-dimensional calibration object, 119 
three-dimensional environmental data, 107 
three-dimensional visualization, 158, 167 
Thunnus alalunga (albacore tuna), FATscapes 
for, 16 
Thunnus maccoyii, estimating population size, 
241; see also southern bluefin tuna 
tidal flow, movement based on, 134 
tiger shark (Galeocerdo cuvier), 25 
acoustic tagging data, 78 
aerial surveys of, 77 
AVED-equipped, 84, 85, 86, 87 
band pair periodicity, 184 
biologger attachment to, 59 
Brownian bridge kernal density applied to, 
365 
BRUVs, and, 115 
capture behavior, 58 
58C values, 11 
diet, 27 
gliding, 52 
isotrophic niche centroid, 11 
population structure, 239 
satellite tag deployment on, 359, 368 
small-world and scale-free networks, 348 
ultrasonography, and, 159 
utilization density of, determining, 367 
tilapia (Oreochromis mossambicus) DNA 
shedding rates, 268 
time—depth recorders, 58, 74 
time difference of arrival (TDOA), 101, 148 
time-geographic density estimation (TGDE), 150 
time of flight (TOF), 101-102 
tissue 
chemical composition of, 2 
fatty acids in, 3-4 


isotopic ratios, and, 3, 5, 7 
muscle 
diet reconstructions, and, 12 
fatty acid concentrations, 6 
niche breadth models for, 9 
68C and 6!5N values, 10, 15, 27 
selection, biomarker studies, 5-6 
turnover time, 27, 28 
tope shark, 239 
total area (TA), isotopic niche breadth, 9-10 
trafficking, wildlife, 285 
trajectory-based space-use estimator, 150 
transcriptomes, 236, 238 
transfer efficiency (TE), 26, 33, 35-37, 38, 40 
transverse relaxation time (73), 172 
trawl surveys, 34-35 
triacylglycerols, 3 
Triaenodon obesus, 58, 221, 303, 348; see also 
whitetip reef shark 
Triakis semifasciata, 5, 8, 80, 105, 144, 168; see 
also leopard shark 
Triturus cristatus (great crested newt), 273 
trophic discrimination factors, 3 
trophic fractionation, 3, 4, 7, 16 
trophic level, 25, 26 
energy available, 31 
energy flow, and, 33, 37 
mean, calculating, 35 
measuring, 34 
movement, and, 38 
ontogenetic shifts in, 26-31 
size, and, 26, 35-36 
trophic position (TP), 4, 7-8 
amino acids, and, 16-17 
trophic pyramids, 26, 31-37 
trophic role of sharks, 2 
tropical aquatic systems, eDNA and, 271-273 
trypsin, 187 
turbidity, eDNA and, 272 
turtle bycatch, 302 
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ultrashort baseline (USBL) system, 101, 102-103, 
106, 108 
ultrasonography, 158-160, 172 
historical use of, 158-159 
injury and health evaluation, 158 
reproductive state assessment, 159 
instrumentation, 159-160 
image interpretation, 160 
imagery validation, 160 
portability, 159 
probe design and wave penetration, 159 
sedation, 160 
side effects, 160 
ultraviolet (UV) radiation, 256, 269 
eDNA degradation, and, 269, 271 
unbaited stationary cameras, 112 
underwater visual census (UVC), 31, 34-35, 
112-127, 257 
underwater visual surveys by citizen scientists, 
308 
unimodal networks, 339, 348 
unmanned aerial vehicles (UAVs), 72, 78-79, 
349; see also drones 
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benefits of, 74—75 
urea extraction, 6—7 
Urogymnus asperrimus (porcupine ray), 304, 
310-311 
U.S. Endangered Species Act, 287 
user agreements, 228 
utilization distributions (UDs), 150, 364 


Vv 


vagility, 239 
validation 
band pair, 179-184 
bomb radiocarbon, 181-184 
caudal thorn ageing, 187, 189, 190 
chemical marking, 181 
data, 310 
dorsal fin spine ageing, 186 
methodology, 180-181 
missing time, and, 180. 
vertebral centra, and, 184-185 
variation between individuals (BIC), 11 
variation within an individual (WIC), 11 
VEMCO coded transmitter systems, 140 
VEMCO Mobile Transceiver (VMT), 349 
VEMCO Positioning System (VPS), 99, 100, 
347 
VEMCO Radio-Linked Acoustic Positioning 
(VRAP), 99, 100 
verification, data, 310 
vertebrae 
age detection with no visible banding, 
208-209 
calcium content of, 207 
cleaning with bleach, 211 
isotopic analysis of, 6 
Carcharodon carcharias, 7 
near-infrared spectroscopy of, 201-213 
vertebral centra, 178, 180, 184-185 
age estimation limitations, 185 
marking with fluorochrome, 181 
near-infrared spectroscopy, and, 193 
sample extraction, 183 
validation, 185 
vs. caudal thorns, 187 
vs. dorsal fin spines, 186 
very high frequency (VHF) transmitters, 59, 88, 
360 
video cameras, see animal-borne video and 
environmental data collection 
systems (AVEDs) 
video loggers, 47 
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wastewater treatment inputs, 4 

water chemistry variability, 211 

wave-driven gliders, 95-96, 99, 100, 107, 140, 
142 

wave propagation, ultrasound, 159-160 

wax esters, 3 

wedgefish (Rhyncobatus), 166 

weighted degree, 338 

Western and Central Pacific Fisheries 
Commission (WCPFC), 286 

wet—dry sensors in tags, 358 
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whale shark (Rhincodon typus) 
abundance, 228 
aerial surveys of, 76-77, 78 
biologger attachment to, 59 
CITES listing of, 287 
citizen science observations of, 301 
eDNA degradation, 269 
fatty acid analysis, and, 16 
feeding tactics, 78 
individual marking stability, 222 
magnetic resonance imaging of, 168, 170 
nuclear genome, 236 
photo-ID of, 220, 303 
movements, 223-224, 229 
population characteristics, DNA and, 262 
pigmentation patterns, 221 
population structure, 239 
recognizable individuals, 221 
subpopulation, 239 
survivorship estimates, 225 
tagging procedures for, 361 
wound healing, photo-ID and, 225 
white shark (Carcharodon carcharias) 
active tracking of, 105, 106 
aerial surveys of, 76-77 
ageing consistency, 179 
animal-borne video, and, 86 
Australian management plan for, 241 
band pair periodicity, 184 
biologger attachment to, 59 
CITES listing of, 287 
computer-assisted matching applications 
for, 228 
database, 224 


diet, 27 
estimating population size, 241 
foraging, tracking of, 148 
individual marking stability, 222 
legal protections, 286 
migration, 223, 229, 364 
migratory patterns, 14 
philopatry, 243 
photo-ID of, 220, 242, 303 
pigmentation patterns, 221 
recognizable individuals, 221 
satellite tracking of, 364 
size-based dominance patterns, 225 
social behavior, photo-ID and, 224 
social networks, 342-343 
tagging procedures for, 361 
vertebrae, 7 
vertebral '*C chronologies, 182 
wound healing, photo-ID and, 225 
5'5N values of, 7 
whitespotted bamboo shark (Chiloscyllium 
plagiosum) parthenogenesis, 244 
whitetip reef shark (Triaenodon obesus) 
recognizable individuals, 221 
dive tourism, and, 58 
photo-ID of, 303 
spatial networks, 348 
swimming behavior, 48 
whitetip shark (Triaenodon obesus), 58, 221, 
303 
small-world and scale-free networks, 348 
whole genome sequence, 238 
whole mitogenome sequence, 240 
wind-tunnel experiments, 52, 54, 55 
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wobbegong shark (Orectolobus spp.) 
association preferences, 347 
band pair deposition, 185 
photo-ID studies of, 223 

world view, 321 
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x-ray computed tomography, 162-166 
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year of formation (YOF), 184 

yelloweye rockfish (Sebastes ruberrimus), age 
vs. length, 193 

yo-yo swimming, 86 
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Zearaja maugeana (Maugean skate) 
eDNA barcoding, and, 259 
eDNA degradation, 269, 271 
sampling for eDNA, 264 

zebra shark (Stegostoma fasciatum), 239 
effective population size, 242 
parthenogenesis, 244 
photo-ID studies of, 223 
pigmentation patterns, 221 
recognizable individuals, 221 
subpopulation, 239 

zebrafish (Danio rerio), magnetic resonance 

imaging of, 168 
Zig-zag surveys, 76 
zooplankton, 40 


